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PREFACE

Cellular differentiation is a concept from developmental biology describing the process
by which cells acquire a "type". The morphology of a cell may change dramatically during
differentiation, but the genetic material remains the same, with few exceptions.

A cell that is able to differentiate into many cell types is known as pluripotent. These
cells are called stem cells in animals and meristematic cells in higher plants. A cell that is
able to differentiate into all cell types is known as totipotent. In mammals, only the zygote
and early embryonic cells are totipotent, while in plants, many differentiated cells can
become totipotent with simple laboratory techniques.

This new book presents lead-edge research from around the world in this field.

Chapter I - Development of the oral and craniofacial region is a complex and fascinating
set of processes which require a sequential integration of numerous biological steps. For
medical and dental doctors, interest is particularly high in this region, because it is composed
of three blastoderms - ectoderm, mesoderm, and endoderm - as well as neural crest cells.
There are many different types of neoplasms in this region. In general, proliferation,
development and cytological differentiation of the neoplastic cells reflect the normal
physiological development of the outbreak mother cells and/or tissues. Collected human
neoplasm cases, such as osteosarcoma appearing in the oral and craniofacial region, are
examined regarding the immunohistochemical expression of some morphogenesis regulation
factors. Furthermore, examination of Notch signaling is also conducted for some odontogenic
neoplasms. This chapter mainly describes the examination results of some morphogenesis
regulation factors, such as Notch signaling, in the neoplastic cells originating in the oral and
craniofacial region, especially in the odontogenic neoplasms, in both well-differentiated and
poorly-differentiated neoplasms of tooth germ enamel organ-derived neoplasm. In general,
these morphogenesis regulation factors are responsible for cytological regulation of cell fate,
morphogenesis and/or development. The results suggest that these factors play some role in
cytological differentiation or acquisition of tissue specific characteristics in neoplastic cells.
Furthermore, there would appear to be a relationship between the cytological differentiation
in the oral and craniofacial neoplastic cells and the physiological development and
differentiation of their originating mother cells and tissues of the oral and craniofacial region.

Chapter Il - Cellular therapies are promising approaches in the treatment of several
neurological diseases such as Parkinson’s disease [Isacson et al., 2001] or Huntington’s
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disease [Dunnett et al., 2000], but also for spinal cord injury [Hall et al., 2001]. One main
problem concerns the origin and nature of the cells to be used for such procedures. In this
context, recent studies suggest that somatic stem cells (stem cells from foetal or adult tissues)
might be able to exhibit more plasticity than previously thought as they seem able to
differentiate into many cell types, including cell types which are not encountered in their
tissue origin. This last property, named phenotypic plasticity of somatic stem cells, is thus the
capacity for a stem cell to develop in several phenotypes depending on their environment.
Several recent reports suggest that bone marrow mesenchymal stem cells (MSC) could be a
source of somatic stem cells suitable for cell replacement strategies in the treatment of central
nervous system (CNS) disorders. MSC can differentiate into many types of mesenchymal
cells, i.e. osteocytes, chondrocytes and adipocytes, but can also differentiate into non-
mesenchymal cell, i.e. neural cells in appropriate in vivo and in vitro experimental conditions
[Kopen et al., 1999; Brazelton et al, 2000; Mezey et al, 2000; Wislet-Gendebien et al., 2003,
2005]. Some works have attributed the neural phenotypic plasticity to “transdifferentiation”
[Krause et al., 2001; Orlic et al., 2001; Priller et al., 2001; Wislet-Gendebien et al., 2005],
while some other works suggested that this neural plasticity could be explained by cell fusion
[Terada et al., 2002; Ying et al., 2002; Vassilopoulos et al., 2003; Alvarez-Dolado et al.,
2003]. These observations could suggest that mesenchymal cells are heterogeneous and there
are two cell populations able to adopt a neural phenotype: one which is able to fuse with
already-present neurons and a second one which is really able to differentiate in neurons. In
the first part of this chapter, the authors will review the studies realized on the potential
neural phenotypic plasticity of the mesenchymal stem cells. The second part of this chapter
will focus on recent studies demonstrating that stem cells isolated from adipose, skin and
umbilical cord cells have the ability to differentiate into neural cells [Nagase et al., 2007;
McKenzie et al., 2006; Fallahi-Sichani et al., 2006]. This ability could be attributed to the
presence of neural crest stem cells in those tissues [Fernandes et al., 2007; Crane and Trainor,
2006]. Consequently, the authors will address the question of the potential presence of neural
crest stem cells in bone marrow.

Chapter IlIl - Spermatozoa are formed in the mammalian testes by a complex
differentiation process collectively referred to as spermatogenesis. The process involves
multiple molecular events during mitotic cell division, meiosis and spermiogenesis. The last
event is the final phase of the complex process when a non-dividing ordinary looking round
spermatid is transformed into a uniquely shaped spermatozoon containing a well-developed
sperm head (with a nucleus and a new organelle, the acrosome) and a fully formed flagellum.
It is important to emphasize that the constituent proteins/glycoproteins, present within the
acrosome of a testicular spermatozoon, are synthesized in testicular germ cells during
spermatogenesis. However, our knowledge on the origin and molecular processes that
regulate the expression and processing of acrosomal enzymes in the germ cells is very
limited. In this article, the authors have described multiple biochemical and
immunohistochemical approaches to examine the synthesis, processing and localization of
two acid glycohydrolases in spermatogenic cells from rodent testes. Mixed germ cells,
prepared from the rat or mouse testis by enzymatic digestion, were separated by unit gravity
sedimentation using a linear gradient of 2-4% bovine serum albumin. Fractions rich in
spermatocytes, round spermatids, and condensed/elongated spermatids (>95% pure cell
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populations) were pooled separately and the enriched cells were assayed for several acid
glycohydrolase activities. All these cell populations as well as the cauda epididymal
spermatozoa were found to contain several acid glycohydrolase activities. The presence of
two enzymes, namely B-D-galactosidase and p-D-glucuronidase in the germ cells was further
confirmed using immunocytochemical and biochemical approaches. Immunocytochemical
approaches at the electron microscopic level revealed that the two enzymes were present in
the Golgi membranes, Golgi-associated vesicles, and lysosome-like structures in the late
spermatocytes and round spermatids. Indirect immunofluorescence studies at the light
microscopic level revealed intense immunopositive reaction in the forming/formed acrosome
of the round spermatids, elongated spermatids and the cauda epididymal spermatozoa. A
combination of radiolabeling of spermatocytes and round spermatids in cell culture,
immunoprecipitation of the [**S]methionine-labeled (newly synthesized) p-D-galactosidase,
SDS-PAGE and autoradiography procedures were used to examine the synthesis and
processing of the enzyme in rat spermatogenic cells. Data from these approaches demonstrate
that the B-D-galactosidase is synthesized in the spermatocytes and round spermatids as high
molecular weight precursor forms of 90/88-kD that undergo processing to the lower
molecular weight mature forms in a cell-specific manner. The net result is the formation of
predominantly 64-kD and 62-kD forms in spermatocytes and round spermatids, respectively.
Taken together, our studies demonstrate that the two acid glycohydrolases present in the
acrosome of the epididymal spermatozoa are first expressed in spermatocytes. The authors’
final intention is to briefly discuss the significance of acrosomal glycohydrolases in sperm
function and fertilization. The authors hope that various studies reported in this article will
contribute to a better understanding of the sperm acrosome and its potential role in
fertilization.

Chapter IV - Spermatogenesis is a very complex terminal cell differentiation process,
essential for all the species with sexual reproduction.

Despite of its importance for sexual reproduction and as a main source of variability,
mammalian spermatogenesis is still poorly understood at the molecular level, mainly due to
some difficulties it presents for its study. One of the main drawbacks is that the testis is a
very complex tissue, with the spermatogenic cells of different stages - somatic
spermatogonia, meiotic cells and haploid spermatids in different phases of elongation -
coexisting with somatic Sertoli cells in the seminiferous tubules of adult animals. Besides,
spermatogenic cells do not maintain the differentiation process in vitro, thus reducing the
possibilities of the use of germ cells culture for experimentation. Therefore, a prerequisite for
the analysis of differential gene expression during spermatogenesis is the availability of
methods that allow rapid obtainment of highly enriched populations of a certain germ cell
type.

In spite of these drawbacks, a few experimental approaches have been recently
developed in some laboratories for the analysis of gene expression in the germ line of the
male. The studies are revealing testis as a very interesting system for the analysis of
differential gene expression because of the astonishingly large number of genes that are
differentially expressed and the peculiar patterns of regulation that govern gene expression in
spermatogenic cells. Moreover, candidate genes for roles in the regulation of fertility and
possible contraceptive targets are starting to be identified.
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Here, different approaches for the analysis of gene expression along spermatogenesis
employed in various laboratories as well as in the authors own will be reviewed, and the main
results will be discussed.

Chapter V - So far there are only few works concerning changes in male reproductive
system after extremal hypoxic and ischemic influences. In the current study the authors have
investigated the state of spermatogenesis of white male rats after modeling of clinical death
and acute hypobaric hypoxia. It has been demonstrated that the observed impairment and
death of the considerable part of germ cells as well as Sertoli cells and Leydig cells was due
to increased production of free radicals. The level of free-radical oxidation was higher in the
early reperfusion period than in the early post-hypoxic period. It has been found that lactate
intratesticular level decreased during first hours after clinical death modeling whereas it
elevated after acute hypobaric hypoxia modeling; it provided the more expressed preservation
of germ cells in the second case. By the 21% day of the both experiments the tendency
towards the increase in number of germ epithelial cells as well as Leydig and Sertoli cells has
been revealed yet by the 60" day of the observation the cellular picture of the testicles has not
been fully recuperated (compared to the intact animals). The low intensity of the processes of
cell division and maturation in the late post-reanimation and post-hypoxic periods is obliged
to the small number of both Sertoli and Leydig cells, as these cells provide metabolic and
hormonal support of gametogenesis. . The found disorders of spermatogenesis lead to
qualitative and quantitative changes of ejaculate indices.

Chapter VI - Activated human T cells produce receptor activator NF-xB ligand
(RANKL), interleukin-17 (IL-17), and interferon-y (IFN-y). All regulate human
osteoclastogenesis; RANKL and IL-17 potently induce osteoclastogenesis, while IFN-y
directly inhibits it in vitro. However, the authors have demonstrated that IFN-y-producing T
cells induce human osteoclastogenesis from monocytes through the expression of RANKL.
Strongly supporting the authors findings, it has been reported that peripheral blood T cells
from patients with early rheumatoid arthritis (RA) promote osteoclastogenesis in autologus
monocytes through the expression of RANKL, although the T cells express IFN-y. In
addition, it has been reported that IFN-y has indirect pro-osteoclastogenic properties in vivo;
IFN-y induces bone resorption in three mouse models of osteoporosis under conditions of
estrogen deficiency, infection, and inflammation. On the other hand, the expression or
function of some cytokines shows differences between humans and mice in bone cell biology.
In the current article, the authors review recent findings on the role of T cells in human
osteoclastogenesis and bone destruction of rheumatoid arthritis (RA), including the effects of
dexamethasone and tacrolimus on the function of T cells.

Chapter VII - As a sexual reproductive mode, a zygote after cell fusion between sperm
and egg, as a destiny, certainly divides into embryo. If it is the dicots, the embryo passes the
stages of globular, heart, torpedo and complete one with two cotyledons and hypocotyl that
finally becomes a seed. Here, the authors describe the process of somatic embryogenesis from
asexual cells derived from protoplast culture, protoplast fusion, interspecific hybrid embryo
culture, and asexual tissue cultures. When the immature globular-stage embryos of tomato
and its wild species were taken out and cultured on suitable medium, on which somatic
embryos were formed with globular, heart and torpedo stages. When the cultures of
cotyledon-derived protoplasts and protoplast fusion of tomato were carried out, somatic
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embryogenesis was observed, according to the stages from the globular and heart to torpedo.
When leaflet tissues from guineagrass and bahiagrass were cultured on suitable medium,
embryogenic calli were formed and they were observed by scanning electron microscopy,
indicating somatic embryo structure with a scutellum and a coleoptile. The characterizations
of the somatic embryo were similar to those previously reported. Multiple shoot and plant
regeneration were obtained from somatic embryos. Those somatic embryos above were
analyzed with RAPD, RFLP, chromosome, gene cloning and transgenic plants, and the
results were also discussed in the text.

Chapter VIII - Monocytes represent about 5-10% of blood leukocytes in mice or men and
are established circulating precursors for tissue macrophages and dendritic cells (DCs).
Monocyte-derived macrophages and DCs fulfill critical roles in innate and adaptive immunity
during inflammation and inflammatory disorders, and it is believed that monocytes also
maintain these populations in some peripheral tissues during homeostasis. Recent
identification of mouse monocyte subsets that closely resemble human monocyte subsets has
inspired a variety of techniques wherein monocytes can be readily traced in vivo to address
these critical questions. There are two major monocyte subsets that vary in chemokine
receptor (CCR) and adhesion molecule expression, migratory and differentiation properties.
In humans, ‘classical’ CD14" CD16~ monocytes express CCR2, CD64, CD62L, whereas
‘non-classical’ CD14"®Y CD16* monocytes lack CCR2. Their counterparts in mice are CCR2"
Gr-1" and CCR2” Gr-1'"" monocytes, respectively. Gr-1" (Ly6C™) monocytes are recruited to
inflammatory sites, e.g. inflamed skin or acutely inflamed peritoneum. Gr-1" (Ly6C")
monocytes are precursors for the epidermal DCs, Langerhans cells, after skin inflammation.
Gr-1"" monocytes have been proposed as precursors for steady state DCs, but experimental
evidence is as of yet limited. In atherosclerosis, a chronic inflammatory disease of the blood
vessels, both subsets differ in their migratory capacity, chemokine receptor pathways and
differentiation towards macrophages or DCs. The rapid progress in recent years led to a better
understanding of monocyte biology in the steady state and inflammation.

Chapter 1X - Mouse embryonic stem (ES) cells are derived from the inner cell mass of
the 3.5-day-old blastocyst. These cells retain the differentiation ability after many passages in
the presence of leukemia inhibitory factor. Removal of leukemia inhibitory factor results in
mouse ES cells differentiation into embryoid bodies. Mouse ES cells have been regarded as a
versatile biological system which has made significant advance in cell and developmental
biology. They possess developmental potentials to differentiate into hematopoietic cells.
Using the mouse ES/EB system, a precursor that responds to vascular endothelial growth
factor and generates colonies consisting of undifferentiated blast cells was identified. These
VEGF-responsive blast cell colonies were shown to contain endothelial, primitive erythroid,
and various definitive hematopoietic precursors. These cells are referred to as blast colony-
forming cells and are thought to be cells represent the hemangioblast precursor of blood and
endothelial lineages. Other hematopoietic cells, such as progenitor B cells, mature B cells,
dendritic cells, mast cells, neutrophils, and T cells can also be generated from mouse ES cell
differentiation. This ES cell differentiation toward to the generation of hematopoietic cells
might be a useful system to study gene function and regulation in hematopoietic
development. Using this system, the authors recently identified protein tyrosine phosphatase
Shp-2 is essential for mouse ES cell-derived hematopoietic differentiation and Apel regulate
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hematopoietic differentiation of mouse ES cells through its redox function domain. In this
chapter, the authors review the induction of mesoderm cells, particularly hematopoietic cells
from mouse ES cell differentiation. The authors also summarize and discuss the recent
advance in the hematopoietic cell development using mouse ES cell differentiation system.

Chapter X - Follicle stimulating hormone (FSH) and testosterone have been described as
necessary factors for proliferation of Sertoli and germ cells, as well as having a role in
apoptosis. However, their role in germ cell differentiation has not been studied in detail. FSH
is a proteic hormone produced in the anterior hypophysis and has receptors located in Sertoli
cells, which in turn function as nurse cells for germ cells in the seminiferous epithelium. The
expression of FSH receptors changes during the cycle of seminiferous epithelium. Germ cells
in consecutive steps of differentiation are located in each progressive stage of the
seminiferous epithelium, indicating a role for FSH signaling in the differentiation of germ
cells. CREB (CRE-protein binding) is a transcription factor involved in differentiation of
germ cells and it is modulated by FSH. Some CREM-regulated products have been shown to
participate in germ cell differentiation. Recent studies have focused on the intracellular
signaling after FSH joins with its receptor, and how it influences germ cell differentiation.
Testosterone-stimulated germ cell development occurs via paracrine communication with
Sertoli cells. The androgen receptor is expressed in a stage-specific manner during the
seminiferous epithelium cycle. Recent studies on gene expression show a number of genes
modulated by testosterone, many of which do not follow the traditional pathway of
androgen/receptor/gene expression, but are activated by another signalization pathway. This
chapter begins with the background necessary to understand the general role of FSH and
testosterone in seminiferous epithelium and then addresses the molecular signaling initiated
by these chemical messengers.

Chapter Xl - Retinoic acid induced redifferentiation and apoptosis in pancreatic
adenocarcinoma cell lines. Redifferentiation included early reversion into aerobic metabolism
reflected by an increase of mitochondrial activity and -mass with normal membrane potential
and terminal ductal cell differentiation. Cells in such state would attempt correcting their
DNA abnormalities or otherwise commit suicide by apoptosis. In some cell systems such as
the present case, the stem cell potential of ductal pancreatic cells gave them an alternative
option, i.e., to transdifferentiate into functional endocrine normal cell type. Again due to
impossibility of correcting highly corrupted genome, cells eventually succumbed apoptosis.
Mitochondrial changes appear to be forcing factor for this process. Such a process,
transformation - normalizing-redifferentiation - apoptosis sequence, has been shown by
several studies utilizing various cell types, apoptotic inducers, biomarkers and time-frames.
Although some studies have shown concomitant apoptosis and redifferentiation, others have
reported apoptosis without prior redifferentiation. However, utilizing appropriate time-frame
and markers of earlier mitochondrial changes, one would detect a scenario similar to the
present retinoid model. This situation can be achieved by delaying apoptosis or reducing the
inducer concentration in such systems. The final fate of normal differentiated cells is
apoptosis. Therefore, it was suggested that a degree of normalizing redifferentiation of
transformed cells might be expect prior to apoptosis, simulating the physiological fate.

Chapter XIlI — Background: Angiotensin converting enzyme inhibitors (ACEI) have
pharmacological effects in all body tissues containing rennin — angiotensin system (RAS) and
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the related kallikrein — kinin system (KKS). In the male reproductive tract which also
contains these paracrine systems, results of effects have been conflicting. Encouraged by a
few successes in humans and confirmation of improved sperm count and motility in rats; the
authors set out to study at tissue level, the effects of ACEI on spermatogenesis. These
experiments have potential for human application.

Methods: Four groups of adult male Wistar rats received, 0.2 ml per oral of the following
doses weekly: A — 5mg/ml, B — 2.5 mg/ml, C — 0.25 mg/ml, D — 0.05 mg/ml. A fifth group,
serving as controls, did not receive any drug. After 2 weeks when one spermatogenetic cycle
was complete, animals were sacrificed in each group weekly and testes excised for histology.

Results: The control group showed normal evidence of spermatogenesis. The group
receiving 0.05 mg/ml showed a strange arrangement of seminiferous tubules; but evidence of
normal spermatogenesis in the normal tubules. By 0.25 mg/ml, seminiferous tubules were of
low population with incomplete spermatogenesis in many foci. At the 2.5 mg/ml dose, all
stages of spermatogenesis were evident in good amounts; with abundance of glycogen
deposits. The group receiving the highest dose of 5 mg/ml showed plenty sperm heads in the
seminiferous tubules. Spermatogenetic response was robust. Effect at the end of the study
was largely similar to the week two specimen except for the control group.

Discussion: The existence of tissue RAS and KKS in the male reproductive tract implies
potential effect of ACEI drugs. Preliminary, albeit anecdotal reports in humans of improved
semen quality, supported by a dose dependent improvement of spermatogenesis in rats has
been borne out by this tissue based work. There appears to be a dose dependent entry of the
ACEI drugs into these tissue paracrine systems resulting in stimulation of spermatogenetic
process; by creating a favourable ambient for multiplication and viability of spermatozoa.
These include improvement in Leydig and Sertoli cell function made possible by local
accumulation of bradykinin and nitric oxide; as well as reduction in levels of Angiotensin Il
brought about by inhibition of the ACE system. The potential of these results for human
application in treatment of male infertility should be explored in greater detail.
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Medicine, Shiojiri, 399-0781 Japan;
*Department of Oral Pathology, Matsumoto Dental University School of Dentistry,
Shiojiri, 399-0781 Japan;
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ABSTRACT

Development of the oral and craniofacial region is a complex and fascinating set of
processes which require a sequential integration of numerous biological steps. For
medical and dental doctors, interest is particularly high in this region, because it is
composed of three blastoderms - ectoderm, mesoderm, and endoderm - as well as neural
crest cells. There are many different types of neoplasms in this region. In general,
proliferation, development and cytological differentiation of the neoplastic cells reflect
the normal physiological development of the outbreak mother cells and/or tissues.
Collected human neoplasm cases, such as osteosarcoma appearing in the oral and
craniofacial region, are examined regarding the immunohistochemical expression of
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some morphogenesis regulation factors. Furthermore, examination of Notch signaling is
also conducted for some odontogenic neoplasms. This chapter mainly describes the
examination results of some morphogenesis regulation factors, such as Notch signaling,
in the neoplastic cells originating in the oral and craniofacial region, especially in the
odontogenic neoplasms, in both well-differentiated and poorly-differentiated neoplasms
of tooth germ enamel organ-derived neoplasm. In general, these morphogenesis
regulation factors are responsible for cytological regulation of cell fate, morphogenesis
and/or development. The results suggest that these factors play some role in cytological
differentiation or acquisition of tissue specific characteristics in neoplastic cells.
Furthermore, there would appear to be a relationship between the cytological
differentiation in the oral and craniofacial neoplastic cells and the physiological
development and differentiation of their originating mother cells and tissues of the oral
and craniofacial region.

INTRODUCTION

A neoplasm is an abnormal growth mass of cells and/or tissue of which exceeds and is
uncoordinated with the physiological cells and/or tissues. Thus, neoplasms are said to be
transformed because they continue to replicate, apparently oblivious to the regulatory
influences that control physiological original cell and/or tissue growth. In neoplasm, the
words “differentiation and anaplasia” are applied to the originating parenchymal cells that
constitute the transformed neoplastic components of neoplasms. The word “differentiation”
of parenchymal cells refer to the extent to which they resemble their physiological features,
both morphological and functional in findings.

B1OLOGY OF NEOPLASMS

In benign neoplasms, the parenchymal cell components consist of well-differentiated
cells that quietly resemble their originating mother cell and/or tissue. In benign neoplasms,
mitoses are extremely rare in number and are of normal physiological features. In malignant
neoplasms, they are characterized by a wide variety of parenchymal cell differentiation, from
completely well- to un-differentiated. Malignant neoplasms are composed of poorly- to un-
differentiated cells, when said to be anaplastic. Anaplasia, a lack of differentiation, is thought
to be a standard of malignancy. Anaplasia means literally to “form backward”. In fact, it is
well accepted that a malignant neoplasm originates from stem cells in tissues. Therefore, a
failure of differentiation, rather than de-differentiation of physiologically specialized cells,
accounts for un-differentiated neoplasms. In general, the more malignant and the more un-
differentiated (anaplastic) a neoplasm, the less likely it is to have specialized functional
activity. The cells in benign neoplasms are almost always well-differentiated and resemble
the physiological normal cells of the originating mother cells and tissue. The cells in
malignant neoplasms are more or less differentiated, but some loss of differentiation is
always present. The differentiation in these neoplastic lesions is controlled by, in part, the
normal physiological regulation system. The regulation mechanism of specialization growth
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of a physiological organization functions on a neoplasm, and the specialized growth of
neoplasms is also regulated. Therefore, it is important to examine the normal physiological
cell differentiation mechanisms for understanding the regulation system of neoplastic
conditions.

DEVELOPMENTAL B1OLOGY OF TEETH

Teeth develop physiologically, as deciduous teeth and permanent teeth, from oral
ectodermal epithelium and neural crest derived neuroectodermal mesenchymal cells [20]. The
enamel is derived from ectoderm of the oral cavity, and all other tissues differentiate from the
mesenchyme derived from mesoderm; neural crest cells are imprinted with morphogenetic
information before or shortly after they migrate from the neural crest. Tooth development is
initiated by the inductive influence of the neural crest mesenchyme on the covering ectoderm.
Tooth development is a continuous step. However, it is usually divided into a bud stage, cap
stage, and bell stage.

Odontogenesis or tooth development is a complex and highly-regulated process
characterized by sequential epithelial-mesenchymal interactions leading to tooth initiation,
morphogenesis and cell-differentiation with eventual formation of enamel, dentin and
cementum matrices [17,18]. Osteogenesis or bone formation is also a tightly-coordinated
process involving many different tissues that interact with each other via a matrix-mediated
inductive mechanism, and ending in the formation of a specialized tissue, bone. Both of these
processes, though distinct, are closely related in that they share common signaling pathways
in terms of morphological differentiation of their cells and functional differentiation of their
matrix proteins. The ameloblasts and odontoblats, which are exclusive enamel matrix-
producing and dentin matrix-producing cells respectively, share several molecular
characteristics with the osteoblast which is the bone matrix-forming cell. Runx2, a
transcription factor, is essential for osteoblast differentiation (Figure 1). In the course of
odontogensis, the Runx2-knockout mice experiments results suggest as follows: Runx2 is
associated with morphogenesis of teeth and matrix protein gene expression [42]. Next, Next,
compared to the incisor tooth germ, the molar tooth germ is more strongly subjected to
control by Runx2, suggesting the presence of factors involved in odontogenesis of the incisor
tooth germ which are different from those present in osteoblasts. Furthermore, in Runx2-
knockout mice differences in expression of osteopontin and osteocarcin, matrix proteins
common for teeth and bone, suggest different mechanisms of cellular differentiation or
transcription regulation pathways in incisor odontoblast and bone forming cells, or
osteoblasts [43].
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Figure 1. Runx2 regulatory control of the signaling pathway of odontogenesis. The gene expression is
visible in various stages of ameloblasts (PAm, SAm, and maturation stage).

The tooth germ basal membrane interposed between the odontogenic epithelium and
mesenchyme mediates the sequential and reciprocal epithelial-mesenchymal interactions
essential for morphogenesis and cell-differentiation for tooth formation (Figure 2). It
composes some isoforms of type IV collagen, laminin, nidogen/entacin, heparan sulfate,
proteoglycan, fibronectin, and other components molecules [39,46,80]. The molecules of type
IV collagen, a major framework-forming peptide of basal membrane, are heterotrimers
composed of three a chains that exist in six genetically distinct forms (al to a6) and with at
least three molecular forms [48,54,55]. The expression patterns of type 1V collagen molecular
forms in tooth germ organogenesis and the marked stage-specific changes in the type IV
collagen distribution during the odontogenesis are limited [19]. According to the examination
results using mouse developing molar tooth germ at the dental placode and bud stage in the
course of odontogenesis, the basal membrane of the oral cavity epithelium expresses al, o2,
a5 and a6 chains while the gubernaculums dentis, in addition to above 4 chains, also
expresses o4 chain. An asymmetrical distribution of a4, o5 and a6 chains has been observed
at the bud stage in the odontogenesis. At the early bell stage, the basal membrane associated
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with the inner enamel epithelium of molar germ expresses al, a2 and a4 chains while the
basal membrane of the outer enamel epithelium only expresses al and a2 chains. With the
onset of dentin formation, the collagen a chain profile of the basal membrane of inner enamel
epithelium gradually disappeared. From the bell stage, however, the gubernaculums dentis
consistently expressed al, a2, o5 and a6 chains, this distribution pattern resembles the one of
the fetal oral cavity epithelium. These features suggest that the odontogenic stage- and the
position-specific type IV collagen o subunit distribution is according to the tooth germ
odontogenesis, and its changes are essential for the morphogenesis and cell-differentiation for
the tooth development [8,39,74].

Figure 2. Distribution of a chains of type IV collagen in early bell stage of E15 mice. The basal
membrane of inner enamel epithelium (iee, arrow) stains for al (a), a2 (b), and a4 (c) chains. oee: outer
enamel epithelium, dp: dental pulp, oe: oral epithelium, dI: dental lamina, *: vascular basal membrane

Tenascin is an extra-cellular matrix glycoprotein which appears to regulate cell
morphology [40]. It is more restricted to tissue distribution than fibronectin and is able to
interface with the cell binding function of fibronecion. Tenascin is most typically expressed
in epithelial-mesnchymal interactions in during physiological development and in the stromal
tissue of malignant neoplasms. Extra cellular matrix protein is shown to play important roles
in cellular growth and differentiation, in complex cell matrix interactions, in physiological
organ development and neoplastic transformation course [40].

At first in dental lamina of the bell stage of human tooth germ, tenascin is present only
on the submucosal connective tissue side, not on the dental follicle tissue side [6]. At this
stage there are no morphological differentiations in the odontogenic epithelium on either
side. Concerning fibronectin, a weak or negative localization is seen in the condensed
mesenchyme surrounding the dental lamina. In the cap stage, different patterns of the
distribution between tenascin and fibronectin is evident in the human tooth germ. Strong
tenascin accumulation is present in the dental papilla under the basal membrane,
preodontogenic layer and osteogenic tissue of alveolar bone. However, tenascin is
immunohistochemically negative in the dental follicle, the fibroblastic layer developing to the
periodontium [40]. Intense fibronectin is evident in the alveolar bone. The epithelial
components of the tooth germ are imunohistochemically negative for both tenascin and
fibronectin.
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DEVELOPMENTAL ORAL CRANIOFACIAL BloLoOGY

Development of the oral and craniofacial region in human is a complex and fascinating
set of processes which require a sequential integration of numerous biological progresses.
The mechanism has been a source of fascination and an object of intensive examination since
early scientific medical studies. Regarding the regulation in the development, biological
cellular regulation during the processes contain the entire scale of values ranging from ion to
molecular interactions.

The oral and craniofacial regions of a 4-week-old human embryo somewhat resemble
these regions of a fish embryo at a comparable stage of development. This explains the
former use of the adjective “branchial”, which is derived from the Greek word “branchia”.
The pharyngeal (branchial) apparatus consists of the pharyngeal arch, pouch, groove, and
membrane. These embryonic structures contribute greatly to the formation of the oral and
craniofacial region. The oral and facial primordial begin to appear early in the 4th week
around the big stomodeum. Facial development depends on the inductive influence of the
prosencephalic and rhombencephalic organizing centers. Five facial primordial, the single
frontonasal, the pair of maxillary, and the pair of mandibular prominences appear. The pair of
facial prominences is derived from the first pair of pharyngeal arches. The prominences are
formed predominantly by the neural crest cell proliferation that migrate from the regions of
the neural fold into the arches among the 4th week of the embryonic stage. These cells are the
major source of mesenchymal tissue components, which include cartilage, bone, and ligament
tissues in the oral and craniofacial regions. Therefore in summary, during the 4th- and 5th-
week of the embryonic stage, the primitive pharynx is bounded laterally by pharyngeal
arches. The arch consists of a core of mesenchyme covered externally by ectoderm, and
internally by endoderm. The original mesenchyme of the arch is derived from mesoderm, and
later, neural crest cells migrate into the arches and almost all of their mesenchymal
components.

MANDIBULAR BONE AND CARTILAGE DEVELOPMENT

In the oral and craniofacial region, cartilage characteristics are slightly different from
other cartilages of general portions, especially joint cartilage. This includes mandibular
chondylar, angular and coronoid cartilages. Mandible is composed of mandibular bone and
cartilage [52]. This cartilage is classified as a secondary cartilage together with condyle,
coronoid and angle. Formation studies of bone and cartilage in the oral and craniofacial
region have been conducted by many researchers [12,57-60]. With regard to mandibular
angle and coronoid, however, very few reports have been published [28,61]. Their bone
formation patters attracts researchers, suggesting large possibilities for both clinical and
histological findings. Mandibular condylar cartilage has bone characteristics which are more
significant than its cartilaginous characteristics [62,64].

Regarding the development of the mouse mandibular condylar cartilage, at embryonic
day 14 there are no development features, although there is some osteoblastic cell
proliferation and a small number of mandibular body bone matrices (Figure 3). At the distal
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upper portion of the developmental mandibular bone, mesenchymal cell proliferation and
condensation with no metacholomasia reaction to toluidine blue (TB) are seen. At embryonic
day 15, mandibular condylar cartilage is clearly evident, as a metacholomasia reaction to TB,
which is firstly expressed at a middle zone of the proliferating mass. At embryonic day 16,
the volume of condylar cartilage grows both in length and width. In this stage, articulation
occurs between the mandibular bone and condylar cartilage. At the late embryonic stage, the
mandibular condylar cartilage further grows both in length and width, especially at the
hypertrophy layer. At the connection area of the mandibular trabecular bone and the
hypertrophy layer of the condylar cartilage, endochondral ossification occurs. Furthermore,
perichondral ossification occurs at the sheath of condyle. That is, direct bone formation
occurs at the sheath of the condylar cartilage. At just before birth, endochondral ossification
progresses further and the mandiblar condyle volume grows.
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Figure 3. Developmental features of mouse mandibular chondylar cartilage. Mesemchymal cell
coagulation of E14 (toluidine blue stain; a) and positive reaction of Runx2 peptide (b) and mRNA (c)
are visible. At E18, direct bone formation occurs in the sheath of the cartilage (toluidine blue; d), and
Runx2 positive reactions (e) are strongly detected at the sheath with gene expression (f).

The proliferating chondrocytes show immunohistochemically positive reactions to type Il
collagen, type | collagen and osteopontin. These data suggest that the characteristics of
mandibular chondylar cartilage, as secondary cartilage, are slightly different from those of
normal physiological articular cartilage. The cartilage takes on the character of bone [37]. In
general, Runx2 is a transcription factor necessarily for osteoblast differentiation [21] and
bone formation [33].

Mandibular condylar cartilage is recognized as an important growth site and is developed
by an endochondral bone formation mode. It is recognized as secondary cartilage, which
differs from primary cartilage in morphological and biochemical organization [57]. There are
some different components of the extracellular matrix between the primary and secondary
cartilage. Immunohistochemical studies for the expression pattern of type | and Il collagens
[21] have shown that, both types of collagen are simultaneously produced in chondrocytes at
this area. Moreover, simultaneous expression of type | and Il collagen genes have been
confirmed. These findings enable the accumulation of different characteristics and aspect of
this cartilage from general endochondral ossification ones. In the reported literature [64],
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immunohistochemically-positive reactions to osteopontin are detected in almost all layers of
the cytoplasm of the mandibular chondylar chondrocytes. The findings from toluidine blue
stained specimens of the early developmental stage of mandibular condylar cartilage for this
study indicate that, at the distal upper portion of the developmental mandibular bone,
mesenchymal cell proliferation and condensation with no metacholomasia reaction are
present. Next, mandibular condylar cartilage is clearly evident as a metacholomasia reaction
to TB.

Regarding the mandibular angular cartilage, the development starts nearly the same fatal
of mandibular chondylar cartilage development. In other words, coagulation of mesenchymal
cells have been observed at embryonic day 14, and differentiated to chondrocytes, which
show a metachlomasia reaction for TB the next day. After embrionic day 17, endochondral
ossification occurs with the invasion of capillaries, and perichondral ossification occurs in the
periphery of the cartilage mass. In immunohistochemical examinations, the proliferating
chondrocytes of the mandibular angular cartilage show positive reactions to type | collagen
and osteopontin, as well as to type Il collagen. Therefore, the results show that the
characteristics of proliferating mandibular angular cartilage are nearly the same as
mandibular condylar cartilage, and differ slightly from normal physiological articular
cartilage.

Recently, various studies have shown that mandibular condylar cartilage formation is
related to morphogenesis regulation factors and their signaling, such as a fibroblast growth
factor receptor, a platelet-derived growth factor receptor [12]. Generally, Notchl and Mathl
are important regulation factors of morphogenesis [64]. There are no reports on mandibular
condylar cartilage, although there is a report on the distribution of articular cartilage.
Investigations carried out on the two essential factors of expression, Notch1 and Math1 in the
mandibular condylar cartilage, reported that, these expression patterns are different from the
one in the articular cartilage, and the reactions for Notch1 are present but only localized in
the hypertrophic cells [33]. Mathl was distributed mainly in the hypertrophy layer and
partially in the proliferate layer. Therefore, the expression patterns of Notchl and Math1 are
slightly different from those of articular cartilage. These results suggest that regulation
factors of morphogenesis-Notchl and Mathl-may play some essential role in mandibular
condylar cartilage [33]. Since it is inconsonant with the distribution in articular cartilage, it is
presumed that the generation of the cartilage and morphogenesis mechanism does not
correspond.

In general, Runx2 is a transcription factor necessarily for osteoblast differentiation and
bone formation [33]. Furthermore it has been reported that Runx2 regulates chondrocyte
hypertrophy during chondrogenesis in long bones. Runx2 is responsible for signaling
chondrocyte maturation and endochondral ossification during mandibular condyle
advancement. Because matrix protein that characterizes bone, such as type | collagen and
osteopontin, has often been expressed, mandibular condylar cartilage has intense bone
characteristics. As a result, at embryonic day 14, Runx2 expression is detected by means of
immunohistochemical (IHC) and in situ hybridization (ISH) examinations, which indicates
that the expression leads to the secondary cartilage differentiation. From the data, Runx2
expression is detected at embryonic day 14 as is type Il collagen expression. At next
embryonic day, type Il collagen peptide is expressed. That explains that differentiation has
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started from embryonic day 14, and that area has turned into cartilaginous tissue the next day.
This is in accord with the findings [59], that Runx2 is essential for the onset of formation of
the mandibular condylar cartilage, as well as for normal development of Meckler’s cartilage,
and that muscle tissues influence mandible morphology. This finding supports the above-
mentioned research result that Runx2 controls differentiation for mandibular condylar
cartilage and induces differentiation [63].

Immunohistochemically, at embryonic day 14, Runx2 peptide is expressed in the nucleus
and in the cytoplasm of coagulating mesenchymal cells. Next, the proliferating cells have
positive products of Runx2 in cytoplasm and nucleus of almost all coagulating cells. The next
day, strongly positive Runx2 reactions are detected in cells of the fibrous and proliferate
layers, and weakly labeled in cells of all other layers. Furthermore, Runx2 peptide appears in
cells at the sheath of the condylar cartilage. After that, Runx2 factor appear in the cells of the
condylar cartilage sheath, and is also distinct in cytoplasm and nucleus. Just before birth,
Runx2 positive products are observed in almost all cells of layers, and they are mostly
distinct in the sheath of the condyle. Just after birth, Runx2 express in a portion of the
hypertrophy cells, especially in their cytoplasm and nucleus.

Proliferating chondrocytes show positive reactions to osteopontin, through the
examination periods, particularly in the cytoplasm of the proliferating chondrocytes [62]. At
the early stage of the developmental day, weak labels for type Il collagen are observed in a
portion of coagulating mesemchymal cells. Furthermore, positive products of type Il collagen
exist in the cytoplasm. Just after onset of development and up to the birth, weak labels for
OPN and type Il collagen are presented in the deeper layer of the condylar cytoplasm and
extracellular matrix [64].

ISH examination of the gene expression revealed that just at onset of development,
expressions of Runx2 mRNA appear in cytoplasms of proliferating chondrocytes [63]. After
that, Runx2 mRNA is detected throughout almost all cytoplasm of all layers. At just after
birth, Runx2 gene expression is observed throughout almost all layers. Furthermore, the
signals weakly appear in the upper layers, fibrous and proliferative. The signals are mostly
distinct in the cytoplasm. Osteopontin mRNA is detected in the cytoplasm of almost all cells
of all layers from onset of development to just before birth. It is distinct in cytoplasm and
extracellular matrices. At just after birth, Osteopontin gene signals appear restricted in
cytoplasm of maturative and proliferative layers [63].

At the embryonic day of late stage, Runx2 gene expression strongly appears in
hypertrophy cartilage, probably due to the differentiation to the osteoblast. This agrees wit a
report which explains that the Runx2 expression of IHC and ISH has been identified in the
hypertrophy layer, and also takes part in the endochondral ossification mode. Examination
results have clearly demonstrated the distribution of Runx2 expression, both of the peptide
and its gene, at the cartilage in the sheath of mandibular condyle where direct bone formation
is observed. The findings provide evidence for Runx2 control over and/or regulation of
perichondral ossification. This is the first time anyone has stated these findings. Because of
the differentiation of cartilage, Runx2 expression is generated at embryonic day 14 and the
next day, and the displacement of bone from the hypertrophy cartilage induces the expression
at just before birth.
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In summary, for participation of Runx2 in mandibular condylar cartilage development,
there are no development features of mandibular condyle. At the distal upper portion of
developmental mandibular bone, mesenchymal cell proliferation and condensation with no
metacholomasia reaction to toluidine blue are seen at embryonic day 14. At embryonic day
15, mandibular condylar cartilage is clearly evident as a metachlomasia reaction to TB.
Immunohistochemically, at embryonic day 14, expression of Runx2 peptide is observed in
the nucleus and the cytoplasm of coagulating mesenchymal cells. After the late stage of the
embryonic days, Runx2 factors appear in the cells of the condylar cartilage sheath, and they
are also distinct in the cytoplasm and nucleus. In gene expression at embryonic day 14 and
15, expressions of Runx2 mRNA appear in the cytoplasm of proliferating chondrocytes. Days
just before birth, the mRNA is detected throughout almost all cytoplasm of all layers. These
results suggest that Runx2 plays an essential role for mandibular condylar cartilage

development, and that Runx2 is essential for the onset of secondary cartilage differentiation
[63].

NOTCH SIGNALING IN CELL
DIFFERENTIATION AND DEVELOPMENT

In general, Notch signaling plays an important role (Figure 4) in the regulation of cell
fate, morphogenesis and/or development [5,14]. Regarding tooth development, there are
some published data on how the expression of Notchl, 2, and 3 is regulated by epithelial-
mesenchymal interactions in the developing mouse tooth and associated with determination
of ameloblast cell fate. Jagged1 is also expressed as a ligand of Notch in the developing tooth
[35]. Notch signaling is an evolutionarily-conserved cell-to-cell transmembrane interaction
mechanism. Furthermore, asymmetric distribution of Notch has been observed in immature
cells prior to cell division, suggesting a role in the regulation of daughter cell fate, including
whether the cells remain stem cells or give rise to differentiated progeny [36]. Regarding
odontogenesis, Notchl is expressed in stellate reticulum cells, and Jaggedl is expressed in
differentiated ameloblasts in the course of tooth development. During tooth development,
Notch expression has been associated with the differentiation of odontogenic epithelial and
mesenchymal tissues. However, Notch expression is absent in epithelial cells in close contact
with mesenchyme, a feature which may be important for ameloblast cell fate. These data
suggest that mesenchymal tissue negatively regulates Notch expression in epithelium. In
other words, Notch expression is down regulated in odontogenic epithelium juxtaposed to
mesenchyme, indicating that odontogenic epithelium needs a mesenchyme-derived signal to
maintain the down regulation of Notch [35].
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Figure 4. Notch signaling plays in the regulatoion of daughter cell fate.

CELL DIFFERENTIATION IN PATHOLOGICAL CONDITIONS

In the oral and craniofacial region, there are many types of neoplasms and pathological
conditions, such as: odontogenic neoplasms, bone and cartilage neoplasms, pathological bone
and cartilage formation and/or proliferation. Especially the odonotogenic neoplasms consist
of plural number blastoderms. The neoplastic cell differentiation process is complicated, and
it is thought that the cell differentiation and growth pattern are copied from a physiological

system of the odontogenesis.

WHO histological classification of odontogenic tumors

MALIGNANT TUMOURS

Odontogenic carcinomas ;

Metastasizing (malignant) ameloblastoma

Ameloblastic caricinoma - primary type

Ameloblastic caricinoma - secondary type
(dedifferentiated), intraosseous

Ameloblastic caricinoma - secondary type
(dedifferentiated), peripheral

Primary intrasseous sqaumous cell carcinoma -
solid type

Primary intrasseous sqaumous cell carcinoma
derived from keratocystic odontogenic tumour

Primary intrasseous sqaumous cell carcinoma
derived from odontogenic cysts

Clear cell odontogenic caricinoma

Ghost cell odontogenic caricinoma

Odontogenic sarcomas
Ameloblastic fibrosarcoma
Ameloblastic fribrodentin-and fibro-odontosarcoma

BENIGN TUMOURS

Odontogenic epithelium with mature, fibrous
stroma without odontogenic ectromesenchyme
Ameloblastoma, solid/multicystic type
Ameloblastoma, extraosseous/peripheral type
Ameloblastoma, desmoplastic type
Ameloblastoma, unicystic type

Squamous odontogenic tumour

Calcifying epithelial odontogenic tumour
Adenomatoid odontogenic tumour

Keratocystic odontogenic tumour

9310/3
9270/3

9270/3
9270/3
9270/3
9270/3

9270/3
9341/3
9302/3

9330/3
9290/3

9310/0
9310/0
9310/0
9310/0
9312/0
9340/0
9300/0
9270/0

Odontogenic epithelium with odontogenic
ectomesenchyme, with or without hard tissue
formation
Ameloblastic fibroma
Ameloblastic fibrodentinoma
Ameloblastic fibro-odontoma
Odontoma

Odontoma, complex type

Odontoma, compound type
Odontoameloblastoma
Calcyfing cystic odontogenic tumour
Dentinogenic ghost cell tumour

Mesenchyme and/or odontogenic ectonesen-
chyme with or without odontogenic
epithelium

Odontogenic fibroma

Odontogenic myxoma/myxofibroma
Cementoblastoma

Bone-related lesions

Ossifying fibroma

Fibrous dysplasia

Osseous dysplasias

Central giant cell lesion (granuloma)
Cherubism

Aneurysmal bone cyst

Simpe bone cyst

OTHER TUMOURS
Melanotic neuroectodermal tumour of infancy
see Chapter 1, pp.70-73

9330/0
9271/0
9290/0
9280/0
9282/0
9281/0
9311/0
9301/0
9302/0

9321/0
9320/0
9273/0

9262/0

9363/0

Figure 5. WHO histopathological classification of odontogenic tumours described in the textbook [11].
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ODONTOGENIC NEOPLASMS (FIGURE 5)

Ameloblastoma is classified as a benign, locally-infiltrative odontogenic neoplasm,
which is composed of proliferating odontogenic epithelial nests within a fibrous stromal
tissue. Some variants have been sub-classified as follows: solid/multicystic,
extraosseous/peripheral, desmoplastic, and unicystic [11]. Furthermore, other variants have
been reported in the literature, and these include acanthomatous, ghost cell, and vacuolated or
clear cell types [47,51,65-67,76]. Odontogenesis is a complex biological process, and this
process is directly reflected in the development of odontogenic neoplasms, especially
ameloblastomas [15,16]. It is thought that the above-mentioned variants are due to the
developmental complex system [53].

NOTCH SIGNALING IN AMELOBLASTOMAS AND
AMELOBLASTIC CARCINOMAS

Regarding Notch signaling, the focus of our attention is on examining Notchl and
Jaggedl peptide expression, as well as their genes, in ameloblastomas and ameloblastic
carcinomas (Figure 6). The speculation on their possible roles is in cytological differentiation
and proliferation of ameloblastomas. In one examined case of ameloblastoma,
histopathologically, the main specimens showed follicular nests consisting of islands of
odontogenic epithelium within a fibrous stroma. Cells of the peripheral layer of these islands
were columnar, with hyper chromatic nuclei, and lined up in a palisade fashion whereas the
central cells were stellate reticulum-like. Their cytoplasms were generally vacuolated. Some
nests showed central cyst formation. In small parts, the odontogenic epithelium exhibited
focal basal palisading. Furthermore, occasionally a large number of nests underwent
squamous metaplasia with keratinizing pearl formation. In general, degeneration of the
parenchymal cells and cyst formation occurred in these ameloblastoma nests. According to
the immunohistochemistry examination results, NICD-positive products were detected in
most proliferating odontogenic epithelial nests of ameloblastomas by IHC. The positive
reactions existed in the cytoplasm and/or nucleus. Strong reactions were seen in the pre-
ameloblast-like cells or some localized cells within the nests. In some ameloblastoma nests,
there were no positive reactions to NICD. Jaggedl positive reactions were also observed in
the cytoplasms of same cell types in the ameloblastoma nests. Strong reactions existed at the
peripheral layers. The pattern of distribution and the intensity of expression of Jaggedl were
closely similar to the pattern and intensity seen in NICD. Notchl gene signaling was
localized in the cytoplasm of IHC-positive neoplastic cells. These mRNA positive signals
showed variable labeling intensity. Jaggedl mRNA signals were also detected in the
cytoplasm of ameloblastoma cells, and the strength pattern was nearly the same as that of
Notchl. These mRNA signal expressions were not consistent with those of the transcription
factor peptides. Histopathologically, the follicular type of ameloblastoma is the most
common, consisting of proliferating odontogenic epithelial islands and nests in the fibrous
stromal tissues. Cellular modifications, such as squamous metaplasia, keratin pearl formation,
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parenchyma cell degeneration and cystic changes, may also occur. Morphogenesis is a
complex biological process, and this process directly reflects the development and
proliferation of neoplasms. Regarding the proliferation of ameloblastomas, some
morphogenesis factors are overly-expressed in ameloblastoma tissues in comparison with
tooth germs. According to the analysis of gene expression in ameloblastomas and human fetal
tooth germs using a cDNA microarray, there are some results are published. That analysis
also included tumor-necrosis-factor-receptor-1 (TNFRSF-1), sonic hedgehog (SHH),
Cadherins 12 and 13 (CDH 12 and 13), and transforming growth-factor-1 (TGF-B1), the gene
expression profile identified candidate genes that might be involved in the origination of
ameloblastoma, as well as several genes previously unidentified in relation to human tooth
development. The expression of SHH signaling in ameloblastomas, in comparison with
human tooth germs is also detected. The literature concluded that the SHH signaling might
play a role in epithelial-mesenchymal interactions and cell proliferation in the growth of
ameloblastomas [34].

On the morphogenesis factors Notchl and Jaggedl in ameloblastoma, the results
demonstrate that Notchl (NICD) and Jagged1 are both detected by IHC, and their expression
patterns are very similar [81]. This phenomenon means that Notch signaling is activated in
the neoplastic epithelium of ameloblastoma. It is likely that the signaling plays the role of
daughter cell fate regulation. Positive Notchl reactions suggest that proliferation and
cytological differentiation are probably occurring in these neoplastic cells. This explains the
variation in the strength of these signals and their distribution patterns in the ameloblastoma
cell nests. Furthermore, the mRNA of Notchl and Jagged are also expressed in the
ameloblatoma cells, as determined by ISH. These mMRNA signal expressions are consistent
with those of the transcription factor peptides. The examination of larger case series of
ameloblastoma and other odontogenic epithelial neoplasms, including epithelial,
mesenchymal, benign and malignant entities such as calcifying epithelial odontogenic tumor,
adenomatoid odontogenic tumor, keratocystic odontogenic tumor, ameloblastic fibroma,
odontoma, and odontogenic carcinoma, would help to elucidate further the role of these genes
in odontogenic tumorgenesis. The results suggest that Notch signaling plays a role in
cytological differentiation or acquisition of tissue-specific characteristics in these neoplastic
cells of ameloblastomas [66].

Histopathologically, in ameloblastic carcinoma, proliferating polyhedral neoplastic cells
show strong cellular atypia, such as mitosis and pleomorphism, especially in peripheral layers
of the nests. NICD positive products are observed in most proliferating nests of benign
ameloblastoma by IHC, and strong reactions are seen in the cells at the peripheral layer of the
nests. In case of ameloblastic carcinomas, positive product are also been detected, and strong
reactions uniformly observed. The positive reactions one are comparatively weaker in benign
than in malignant tumors. In both benign and malignant cases, the gene (MRNA) expressions
have been detected in the cytoplasms of IHC positive cells by ISH. In general, Notch
signaling is responsible for cytological regulation of cell fate, morphogenesis and/or
development. In examinations conducted by the present authors, IHC and ISH examination
results have suggested that Notch signaling plays some role in cytological differentiation or
acquisition of tissue specific characteristics in neoplastic cells of tooth enamel organ-derived
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neoplasms, including benign and malignant neoplasms, ameloblastoma and ameloblastic
carcinoma (Figure 6).
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Figure 6. Proliferating follicular nests of ameloblastoma are visible (a). Immunohistochemically Notch
peptide is observed in the cells at the peripheral layer (b) and the gene signals are detected in the
cytoplasms (c). Polyhedral neoplastic cells are visible in proliferating ameloblastic carcinoma cell nests
(d). The Notch positive products are observed uniformly in these cells (e) and the gene expression are
also detected in the cytoplasms (f).

Histopathologically, follicular nests proliferate in the fibrous connective tissue in benign
neoplasms. In some nests, parenchymal cyst formations or squamous metaplasia are evident.
The histopathological features of the malignant neoplasms are as follows: Proliferating
polyhedral neoplastic cells show strong cellular atypia, such as mitosis and pleomorphism,
especially in peripheral layers of the nests. Notch intra-cellar domain positive products are
observed in most proliferating nests of benign neoplasms by immunohistochemistry. Strong
reactions are seen in the cells at the peripheral layer of the nests. In malignant ones, positive
products are also detected, and strong reactions uniformly observed. The positive reactions in
benign neoplasms are comparatively weaker than in malignant ones. In both the benign and
malignant cases, the gene expressions are detected in the cytoplasm of immunohistochemistry
positive cells by ISH. Our examination results suggest that Notch signaling plays some role
in cytological differentiation or acquisition of tissue specific characteristics in neoplastic
cells. Furthermore, there would appear to be a relationship between the cytological
differentiation in the oral and craniofacial neoplastic cells and the physiological development
and differentiation of their originating mother cells and tissues of the oral and craniofacial
region.
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CELL DIFFERENTIATION IN ODONTOGENIC NEOPLASMS

Amelogenin is a typical enamel matrix protein. The expression pattern of amelogenin
genes (AMGX, AMGY) has not yet been identified in ameloblastomas. In surgical materials,
amelogenin gene is expressed in all ameloblastoma cells. The mMRNA of AMGY expression
increases, although that of AMGX is not. This is an interesting feature in physiological
normal male tooth development, in which the expression of AMGY is considerably lower
than that of AMGX. This finding suggests that epigenetic change of sex chromosomes may
have some correlation with tumorigenesis of ameloblastoma [77].

Regarding the collagen subunits of basal membrane components of oral neoplasms, there
are some published data [2,69-71]. Regarding ameloblastomas, co expression of type IV
collagen ol and a2 chains appear as thin lines with limited areas of discontinuity along the
basal membrane of neoplastic cell nests [44,45]. The expression staining is strong and in a
linear continuous manner, in the periphery of the nests of the desmoplastic types. In the
neoplasms, a5 and o6 chains are co-localized as continuous linear patterns demonstrating the
tumoral nests from the surrounding connective tissue stroma. These collagen subunits also
appear as random intracellular staining of the neoplastic cell nests [9,10]. There is no
remarkable differentiation of the distribution pattern among the tumor growth patterns and
various cellular subtypes within ameloblastomas (Figure 7). Distribution of o subunit of
collagen in the basal membrane of ameloblastic fibromas is uniformly demonstrated in its
pattern. Subunits of al/a2, a4 and a5/a6 are distributed as liner continuous patterns that
compartmentalize the neoplastic epithelial cell nests, islands and strands in manner, from the
surrounding dental papilla-like ectomesenchymal cell proliferation. These o subunits of
collagen are randomly expressed in the periphery preameloblast-like and central stellate
reticulum-like cells.

Figure 7. Histopathological feature of examined plexiform ameloblastoma (a) and immunofluoresence
localization of type IV collagen al chain in the basal membrane zone (b).

In adenomatoid odontogenic tumors, subunits of al/02 and o5/a6 are strongly expressed
at the area of interface between tumor cells and stromal tissues, especially in the cribriform
regions. Faintly to non-positive expression of these collagen molecules is detected in the
basal regions of conglomerated masses of solid epithelial whorls/rosettes/nests and duct-like
structures. There are intensely positive reactions to the amorphous deposits; however, there is
little or no reaction to the mineralized bodies. In malignant neoplasms, at first in ameloblastic
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fibro-odontosarcomas, al/02 and o4 chains demonstrate moderate intensity along with the
periphery of the epithelial components, while a5/a6 chains are strongly co-distributed as
continuous linear patterns demarcating the benign neoplastic cell nests from the surrounding
sarcoma tissues. In the inductive dental hard tissue regions, no reactivity is found. In the
malignant neoplasm type of ameloblastic carcinomas, collagen 1V o chains demonstrate an
irregular and disrupted expression pattern with specific loss of al/a2 chains. In those regions
containing poorly differentiated neoplasm cell nests, there is complete disappearance of a
chain subunits. In a5/a6 subunits, there is a discontinuous and fragmented pattern. In primary
intraosseous carcinomas, the expression pattern is similar that of ameloblastic carcinomas.
From the above mentioned findings for cell differentiation in various benign and malignant
odontogenic neoplasms, the basal membrane pattern of neoplastic epithelial cell nests yields
three features: (1) The basal membrane of benign and malignant odontogenic neoplasms has
distinct a chain subunits of collagen type 1V; (2) modifications in the relative abundance of
collagen type IV o chains in basal membrane of odontogenic neoplasms probably represent a
host protective response, (3) early specific loss of al/a2 chains proceeds the loss affecting
ab/a6 chains during odontogenic neoplasm progression. Therefore, these results suggest that
modification and remodeling of basal membrane collagen type IV a chains are dynamic
processes crucial for odontogenic neoplastic cell growth and progression [7,45].

C

Figure 8. Ameloblastic epithelial islands within scattered dental papilla-like ectomesenchymal tissue
(a). HS and heparanase immunohistochemical reactivity accentuates the cellular processes of dental
papilla-like cells (b and c). Note the clear confinement and continuity of basal membrane despite the
prominent localization of heparanase (b). Histopathologically cancer cell nests of ameloblastic
carcinoma with increased nuclear-cytoplasmic ratio and prominent nuclei (d). HS is not detected in the
cancer cells but is strongly localized in the stromal tissues adjacent to cancer nests (e). Intense and
diffuse heparanase expression is observed in all cancer cells (f) in contrast to the strong staining limited
in the basal cells of benign ameloblastoma (c).
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Heparan sulphate (HS) and heparanase appearing in the odontogenic neoplasms are
interesting molecules for these neoplastic transdifferentiation [13,50]. HS proteoglycans
(HSPG) constitute a group of ubiquitous extracellular matrix macromolecules and are
composed of a core protein and covalently linked HS sugar chains (Figure 8).

Although, HSPG plays critical functions in cell-to-cell and cell-to-matrix interactions
through core proteins, their HS chains confer most of biological functions [3]. The negatively
charged HS chains can bind and sequester numerous heparin/HS binding molecules,
including growth factors, cytokines and cell adhesion molecules. HS chains also take part in
the important cellar events conferred by these tethered molecules and have an influence on
various developmental and pathological processes, such as neoplastic transformation, its local
invasiveness and transdifferentiation [3,4]

In the examination results on ameloblastomas, HS is clearly evident on the cell surface of
peripheral basal cells and also in the intercellular region of some parabasal cells, while it is
not present in the central stellate cells of ameloblastoma nests. Heparanase is expressed in
peripheral epithelial cells of ameloblastoma nests. The strong expression is localized at the
budding region of the strands mainly in the invasive fronts in histopathological specimens. In
adenomatoid odontogenic tumors, the strongly localized and limited expression is present on
the surfaces of dark cuboidal cells surrounding the whorls and solid tumor cell nests. HS is
also evident in luminar surfaces of some duct-like structures. In the lumen and/or duct-like
structures, eosinophilic materials are HS positive. The periphery of immature calcified
materials is positive to both HS and heparanase; however, completely calcified materials are
negative.

In ameloblastic fibromas, as one of typical epithelial and mesenchymal mixed
odontogenic neoplasms, HS exists in nearly the same location as in ameloblastomas. HS is
evident in the basal membrane, but is more defined. HS is also present in the
ectomesenchymal cells, unlike the stromal cells in ameloblastomas. HS and heparanase are
diffusely present both in epithelial and mesenchymal tissue of the neoplasms. In some parts,
heparanase exists focally in nuclei of mesenchymal cells. In ameloblastic carcinomas as
malignant odontogenic neoplasms, neoplastic cells are absent to HS in contrary of benign
neoplasms, such as ameloblastomas. Instead, HS clearly and strongly is present in the stromal
tissues, especially in the intercellular matrices within the vicinity of neoplastic cell nests.
Regarding heparanase activity, positive reactions are intense and diffuse, and occur in
intracellular spaces. The above-mentioned findings are compared with the data of the
physiological tooth development, in both experimental animals and human materials.
Furthermore, when the results are examined using various types of oral squamous cell
carcinoma, there are some differences between the types of varies histological and clinical
malignancy grades. In summary, the general localization of HS and the heparanase activity in
odontogenic neoplasms are temporally regulated in relation to cellular growth and function.
Furthermore, heparanase over-expression is reported to promote hair follicle morphogenesis
and its growth [82]. Both hair follicular morphogenesis and odontogenesis are governed by
similar growth factors and signaling pathways. Heparanase may also have physiological
function in tooth development through local modulation and release of HS-bound growth
factors. Taken together, the facts suggest that heparanase may have physiological function in
tooth development, and the increase in heparanase expression maybe an important initiating
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factor for odontogenic neoplastic transformation. The stromal HS sugar molecule localization
and heparanase over-expression may represent the malignant progression of ameloblastoma
to ameloblastic carcinoma [41].

In odontogenic neoplasms, both benign and malignant, the immunohistochemical
distribution of tenascin and fibronectin is compared with that in human tooth germs [72,73].
In ameloblastomas, the extracellular matrix components of the stromal tissue of
ameloblastomas exhibit considerable variety: dense and loose connective tissues,
hyalinization regions, and stromal cystic spaces. In the hyalinised stroma, tenascin and
fibronectin exhibit both positive and negative reactions. In cystic spaces, positive reactions of
tenascin and fibronectin are seen. In follicular type of ameloblastomas, the basal membrane
region reacts irregularly positive to tenascin. The fibronectin reactivity exhibits uniformly
and weakly positive in the dense connective tissue of the stromal region in the follicular
ameloblastomas. A partial accumulation of tenascin is found in the basal membrane. The
tenascin-positive basal membrane shows fuzzy fibrillar materials, whereas the loose or
myxomatous tissues of stromal region of follicular type of ameloblatoma exhibit no reaction
to fibronectin. Regarding malignant odontogenic neoplasms, the data on ameloblastic
carcinomas is as follows: The stromal tissue and basal membrane of ameloblastic carcinomas
show an irregular and strong immunohistochemical-positive reaction to tenascin. In the
epithelial cell islands of ameloblastic carcinomas, a scattered or granular positive reaction is
evident. The connective stromal tissue of ameloblatic carcinomas shows an irregular and
strong reaction to fibronectin. According to the localization pattern of tenascin and
fibronectin in the varied types of odontogenic neoplasms, such as benign and malignant, the
dental follicle of the tooth germ lacks tenascin but has fibronectin. The osteogenic tissues
generally contain both tenascin and fibronectin. The ameloblastic fibromas show positive or
negative distributions in the stromal tissues, which suggest a differentiation to the papilla of
the tooth germ. It is also suggests that the stromal tissue cells of ameloblastic fibroma
differentiate to dental follicular tissues. The relative distribution of menisci and fibronectin
can be a marker in histological diagnosis of periodontal and osteogenic fibrous tissues.
Furthermore, the findings also suggest that fibronectin and tenascin may be used as markers
in cell-differentiation of epithelial-mesenchymal interactions during tooth development and
in odontogenic neoplasm for trans-differentiation [40].

Cytokeratins with intermediate filaments characteristic of epithelial cells are very stable
and range in weight from 40 to 67kD [42]. Regarding the distribution patterns of cytokeratins
in some types of ameloblastomas, such as follicular ameloblastomas, the peripheral columnar
cells resembling preameloblasts react positively for NSE-K (52.5kD) and 19-K (40kD) in a
linear pattern along the basal membrane, but not for the markers of squamous cells, SE-K
(56, 56.5, 58 and 68kD). The reaction pattern of NSE-K and 19K shows a frame-like
structure in cytoplasm in peripheral columnar cells, while the central stellate reticulum-like
cells show an immunohistochemical reaction with all markers of the cytketain SE-K, NSE-K
and 19-K throughout the cytoplasm. In plexiform ameloblastomas, both the central spindle
and peripheral cuboidal cells demonstrate a positive reaction with SE-K and 19-K, but not
with NSE-K. Regarding the oral mucosa and on the developing tooth germ, there are
differences for immunohistochemical reactivities of cytokeratins between the fetal oral
mucosa and adult gingiva. The cells of both the fetal oral mucosa and adult gingiva
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demonstrate positive reactions to SE-K, and negative reactions to NSE-K. However, positive
reactivity to 19-K is noted only in cells of the fetal mucosa and Merkel cells in adult gingiva.
The dental lamina connecing with the basal cells of the oral mucosa have all these
cytokeratins, especially 19-K. In the enamel organ, however, the immunoreactivity for SE-K,
a maker of squamous differentiation, is different in each cell layer: positive in the outer
enamel epithelium; slight positive to negative in the stellate reticulum and stratum
intermedium; and negative in the columnar inner enamel epithelium. NSE-K and 19-K are
evident in all types of cells that compose the enamel organ proper. The inner columnar
enamel epithelium especially expresses a diffuse positive reaction for NSE-K and 19-K
throughout the cytoplasms. These features suggest that the characteristics of the cells of the
plexiform ameloblastoma are similar to the fetal oral epithelium not odontogenic epithelium.
This later feature suggests that the different expression patterns of cytokeratin in
ameloblastoma depend on the follicular or plexiform types. As a coincidence of cytokeratin
and functional pattern is not noted among the ameloblastomas and tooth germs, these data
suggest that the columnar cells of the follicular ameloblastoma have little resemblance to
ameloblast-like cells in cytokeratin structure or in cellular functions [42].

CELL DIFFERENTIATION IN
NEOPLASMS OF BONE AND CARTILAGE

Osteogenesis is a complex biological process, which includes recruitment of stem cells,
proliferation of progenitor cells, differentiation of osteoblasts and production and assembly of
bone matrix. The different steps of this process are controlled and regulated by multiple local
and systemic factors, such as morphogenesis regulators. Therefore, knowledge of the
complex interaction between these factors and their contribution to the development of
neoplastic osteogenesis is necessary for understanding the characteristics of the neoplasms
[29,30].

Histopathologically, in serious cases of osteosarcomas, spindle-shaped sarcomatous cells
proliferating mesenchymal tissue directly produce neoplastic osteoid and/or coarse immature
bone tissues, while variable histopathological patterns are seen in specimens of some cases.
There are mainly osteoblastic and osteoid and/or immature bone matrices, as well as some
spindle-shaped fibroblastic neoplastic cells. Osteoblastic neoplastic cells, located around the
numerous small osteoid tissues, are comparatively monotonous, varying in size and in shape,
and showing hyperchromatic nuclei and mitosis [27].

Immunohistochemically, osteopontin (OPN) peptide, as control, is expressed in almost
all cells of the examined osteosarcoma. The strong expression area of OPN is in the
comparatively well-differentiated regions of the osteosarcoma, the osteoblastic area
containing osteoid tissues. In contrast, weak reaction products are detected in the monotonous
spindle-shaped cell proliferation area. Runx2 peptide expression appears in the cytoplasm of
almost all neoplastic cells (Figure 9). The expression pattern showed uniformly in the
proliferating cells of almost all cases. At the bone and/or well-differentiated osteoid forming
region, the positive reactions of Runx2 are slightly strong compared with other poorly-
differentiated regions. Regarding the expression of NICD peptide, the peptide is detected in
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the cytoplasm of neoplastic cells of the comparatively well-differentiated areas of
osteosarcomas, which are osteoblastic and chondroblastic containing osteoid and/or
chondroid tissues, and this area is the same as the immunohistochemically strongly-stained
area by OPN [49]. No expression of NICD peptide is detected in the fibroblastic and poorly-
differentiated area. Delta peptide appearance is nearly the same that of NICD peptide. The
positive products of Delta appear in the cytoplasms of osteoblastic and chondroblastic cells,
but there are no positive reactions in the poorly-differentiated fibroblastic cell proliferation
regions. On the other hand, there is no positive reaction immunohistochemically detected in
negative control slides.

In general, it is important to examine the expression or localization of morphogenesis
regulators to the neoplastic proliferating conditions, such as benign and malignant tumors.
The expression of NICD in an Indonesian male case of osteosarcoma of the maxilla [30] has
been reported. As mentioned above, the expression situation of regulation factors of
morphogenesis is carried out. Regarding the relationship between these regulation factors and
bone tissue, there are some reports in the literature. First, NICD is one of the important
regulation factors of morphogenesis. NICD has been reported as a unique and interesting
regulator for treatment of osteoporosis. Furthermore, some papers have considered NICD and
bone tissue, especially the differentiation of bone forming cells [56,78]. Functional
involvement of NICD in osteoblastic cell differentiation has been also reported. However, it
is unclear whether Notchl ligand Delta also induces an identical cellular response in these
differentiations. Critical regulation of osteoblastic cell differentiation by Delta-activated
Notchl signaling has also been reported.

Figure 9. Runx2 positive reaction is visible in the well-differentiated area of osteosarcoma tissue (a) and
weakly positive products are detected in the poorly-differentiated area of osteosarcoma tissue (b). NICD
is strongly detected in the well-differentiated area of osteosarcoma tissue (c) and no-
immunohistochemical reaction of NICD in the poorly-differentiated area of osteosarcoma tissue (d).
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The molecular basis for inverse relationship between differentiation and oncogenesis is
unknown. However, regarding Runx2, a master regulator of osteoblast differentiation
belonging to that runt family of tumor suppressor genes, is consistently disrupted in
osteosarcomas. Reports in the literature [75] have described that physiological coupling of
osteoblast differentiation to cell cycle withdrawal is mediated through Runx2, and the process
are disrupted in osteosarcoma. Furthermore, it has been reported that Runx2 is expressed
constitutively in all pathology specimens of human osteosarcoma [1], and expression of
Runx2 appeared in the cytoplasm of almost all neoplastic cells of examined cases, and the
expression pattern showed uniformly in the proliferating cells of almost all cases. At the bone
and/or osteoid forming region, as well at the differentiated area, the positive reactions of
Runx2 are slightly strong in comparison with other poorly-differentiated regions. These
immunohistochemical results are consistent with the above mentioned discussion. In the
present investigation, the NICD peptide is expressed in the area of comparatively well-
differentiated areas of osteosarcoma, as well as osteoblastic and chondroblastic areas
containing osteoid and/or chondroid tissues. The results are also similar to those of a
previously published Indonesian case [30]. With OPN as control peptide in this examination,
expression is also detected in almost all cells; the strength pattern of OPN expression is
similar to that of NICD. Therefore, Notch peptide maybe closely related to cytological
differentiation or acquisition of tissue specific characteristics in neoplastic cells in
osteosarcomas.

In summary, the expression of Runx2, NICD, Delta and OPN are examined in neoplastic
cells in cases of osteosarcoma. The immunohistocemical expression of Runx2 appears in the
cytoplasm of almost all neoplastic cells of examined cases. However, NICD appears in the
localized comparatively well-differentiated areas. No expression of NICD peptide is detected
in the poorly differentiated area. Delta is shown nearly the same as NICD. Expression of
OPN as control appears in almost all cells and the strength of expression is shown in the area
of comparatively well-differentiated tissues. Therefore, these results suggest that Runx2,
Notchl, and Delta are closely related to cytological differentiation or acquisition of tissue
specific characteristics in these neoplastic cells of osteosarcomas.

CELL DIFFERENTIATION IN BMP-INDUCED
HETEROTOPIC OSTEOGENESIS

In general, it has been stated that BMPs, when implanted in heterotopic sites, induces
undifferentiated mesenchymal cells to become chondrocytes in the first stage [31,32]. These
cells are replaced by bone in a manner similar to that of physiological endochondral (indirect)
ossification mode. However, it has been suggested that BMP-induced bone occurs through
endochondral-like ossification patterns which differ from those in the physiological normal
endochondral ossification process. On the other hand, intramembranous (direct) ossification
has also been observed in some cases. There are two types of ossification modes in BMP-
induced heterotopic osteogenesis: intramembranous (direct) and endochondral (indirect).
However, the nature of osteogenesis has not been clearly detailed [22,23].
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Although there is no direct evidence, we believe that the cells inviolved in “chondroid
bone”, experimentally induced by BMP in mice, temporarily express cartilage phenotypes.
They then change directly into bone-forming cells which survive in the “chondroid bone”
until the tissue is resorbed and remodeled by true bone tissue. Regarding the expression of
TGF-B, in the physiological endochondroid ossification mode, the TGF-f peptide appears in
the final-differentiated hypertrophic chondrocytes, and at this stage resorption and
replacement by bone occur. We found that the peptide was expressed only in some
chondrocites of the earl phase of BMP-induced heteotopic “transchondroid bone formation”
in mice. Furthermore, the mMRNA was expressed in the same chondrocytes in the early phase
of the osteogenesis [23].

Therefore, it is believed that a third ossification mode “transchondroid bone formation”
is displayed in BMP-induced heterotopic osteogenesis [24,25]. Chondroid bone, a tissue that
has characteristics of bone and cartilage, is formed mainly in BMP-induced heterotopic
osteogenesis.
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Figure 10. Immunohistochemical localization of type I collagen is observed in the 7-day proliferating
cells (a) and the mMRNA expression is visible in the cytoplasms (b). Positive immunostainings of type Il
collagen are distributed in the cytoplasms and matrices (c) and the gene expression is detected the
cytoplasms (d). Osteocalcin mMRNA signals are visible in the cytoplasms of proliferating cells (e). TGF-
B mRNA expression is apparent in some proliferating cells (f).



Cell Differentiation of Oral Neoplasms 23

The experimental results of a BMP-induced model using ddY mice are as follows (Figure
10): Histopathologically in 3-day specimens, spindle-shaped mesenchymal cells proliferated
site, and the matrices are stained slightly by HE in 5- and 7-day specimens. Evidence of the
proliferation of undifferentiated cells, having cytoplasm and resembling poorly-differentiated
chondrocytes, can be seen at the periphery. Within 10 days, perichondral ossification has
occurred, and the peripheral matrix of the cluster of cartilage has changed to chondroid bone,
connected to perichondral ossification sites. Histochemically, in Mallory’s azan-stained
specimens, perichondral ossification sites are stained deep blue, although areas stained pale
blue are visible in chondral tissue in 10-day specimens. In 10-day specimens stained with
toluidine blue, ortho-metachromasia reaction occurs in the matrix, but the matrix of
perichondral ossification sites does not occur [26]. In 2- and 3-week specimens, some
chondroid tissues displaying ortho-metachromasia are evident in trabecular bone.
Immunohistochemically, in 5-day specimens, chondro-osseous formation occurs and type-I1
collagen is positive in and around chondrocyte-like cells in the chondro-osseous matrix. In 7-
day specimens, type 11 collagen is positive in the proliferating spindle cells. Type | collagen
is a typical bone matrix protein, and the products of the staining reaction are seen in chondral
cells. Type 11 collagen is also evident in the same cells. These specimens are immunostained
for osteocalcin (OCN). Positive staining is observed in 7-day specimens, in particular, and
OCN-positive proliferating cartilage cells are clearly visible. In 2- and 3-week specimens of
lamellar bone with bone marrow, collagen type Il protein disappears from the fibrillar bone
matirix. OCN-positive reactions are detected in chondroid cells in 2-week specimens.
Regarding these gene expressions in 3-day specimens, type Il collagen mRNA are noted in
the implanted sites, while OCN mRNA and type Il collagen mRNA are undetectable. In 5-
day specimens, both type Il collagen mRNA and OCN mRNA are detected in some
chondrocyte-like cells. Furthermore, in 7-day specimens, type | and Il collagen mRNA and
OCN mRNA are located in osteoblasts and young osteocytes in osteoid tissues. OCN mRNA
is also detected in chondrocyte-like cells, osteoblasts and young osteocytes in osteoid tissues.
In 2- and 3-week specimens of lamellar bone with bone marrow formed in the implanted
sites, both OCN mRNA and type 1l collagen mRNA are detected within the newly formed
bone.

Recently, a third ossification mode has been proposed: “transchondroid bone formation”.
Chondroid bone is formed directly by chondrocyte-like cells in the ossification site [24,25].
This form of bone has attracted limited attention, since it was the first reported several years
ago. Some hypertrophic chondrocytes are believed to undergo further differentiation into
osteoblast-like cells, participating in initial bone formation [79]. Furthermore, chondrocyte-
like and osteocytes-like cells are reported to co-exist in chondroid bone, with no clearly
distinguishable boundary. According to the examination results of BMP-induced heterotopic
bone tissue, chondrocyte-like cells demonstrate the two-phase function of the chondrocytes
and osteocytes. These data also suggest that this BMP induced cartilage-like tissue should be
classified as chondroid bone rather than as normal cartilage. As mentioned above, these
examination data suggest that the cells involved in chondroid bone express cartilage
phenotypes temporarily, then become bone-forming cells which survive in chondroid bone
until tissue is resorped and remodeled by true bone tissue, although there is no direct
evidence of this [38]. Using immunohistochemical and in situ hybridization examinations,
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there are some data that transforming growth factor-B peptide may be involved in the
differentiation of chondrocytes into bone-forming cells [23,68]. BMP-induced bone tissue is
formed by the third ossification mode, “transchondroid bone formation”.

Concerning the “chondroid bone or chondroid bone forming cells”, they also appear in
the neoplastic lesions of bone. In osteochondromas, cartilage-capped bone tissue projections
are typical histopathological features. The surface of the masses is covered with a cartilage
tissue showing positive immunohistochemical reaction for type Il collagen, and the deep
region is composed of spongy bone, showing a positive immunohistochemical reaction for
type Il collagen and osteocalcin. Between the cartilage and spongy bone, which is a
metaphysic-like region, a chondroidal pattern appeared in the matrix of hypertrophy cartilage.
In these regions, both type I and Il collagens and osteosarcoma are immunohistochemically
detected. Furthermore, type | collagen mRNA in neoplastic chondrocytes is detected.
Therefore, the cells involved in “chondroid bone” appear in osteochondromas and then
change directly into bone-forming cells that survive in the “chondroid bone” until the tissue
is resorbed and remodeled into true bone tissue. These features suggest that bone formation in
osteochondromas, at least in some regions, occurs through transchondroid bone formation.

CONCLUSION

In the oral and craniofacial region, development is a complex and fascinating set of
processes which require a sequential integration of numerous biological steps, and the
differentiation in cells of neoplasms is also a complex and fascinating compound processes.
In this region, there are many different types of neoplasms. It is known that proliferation,
development and cytological-differentiation of the neoplastic cells reflect the normal
physiological development of the outbreak mother cells and/or tissues. Therefore, some cell-
differentiation, development and proliferation factors may also play some roles in the
neoplastic cells, and therefore, their behavior is closely related in cytological differentiation
and clinical behavior and/or grade.
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ABSTRACT

Cellular therapies are promising approaches in the treatment of several neurological
diseases such as Parkinson’s disease [Isacson et al., 2001] or Huntington’s disease
[Dunnett et al., 2000], but also for spinal cord injury [Hall et al., 2001]. One main
problem concerns the origin and nature of the cells to be used for such procedures. In this
context, recent studies suggest that somatic stem cells (stem cells from foetal or adult
tissues) might be able to exhibit more plasticity than previously thought as they seem
able to differentiate into many cell types, including cell types which are not encountered
in their tissue origin. This last property, named phenotypic plasticity of somatic stem
cells, is thus the capacity for a stem cell to develop in several phenotypes depending on
their environment. Several recent reports suggest that bone marrow mesenchymal stem
cells (MSC) could be a source of somatic stem cells suitable for cell replacement
strategies in the treatment of central nervous system (CNS) disorders. MSC can
differentiate into many types of mesenchymal cells, i.e. osteocytes, chondrocytes and
adipocytes, but can also differentiate into non-mesenchymal cell, i.e. neural cells in
appropriate in vivo and in vitro experimental conditions [Kopen et al., 1999; Brazelton et
al, 2000; Mezey et al, 2000; Wislet-Gendebien et al., 2003, 2005]. Some works have
attributed the neural phenotypic plasticity to “transdifferentiation” [Krause et al., 2001,
Orlic et al., 2001; Priller et al., 2001; Wislet-Gendebien et al., 2005], while some other
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works suggested that this neural plasticity could be explained by cell fusion [Terada et
al., 2002; Ying et al., 2002; Vassilopoulos et al., 2003; Alvarez-Dolado et al., 2003].
These observations could suggest that mesenchymal cells are heterogeneous and there
are two cell populations able to adopt a neural phenotype: one which is able to fuse with
already-present neurons and a second one which is really able to differentiate in neurons.
In the first part of this chapter, we will review the studies realized on the potential neural
phenotypic plasticity of the mesenchymal stem cells. The second part of this chapter will
focus on recent studies demonstrating that stem cells isolated from adipose, skin and
umbilical cord cells have the ability to differentiate into neural cells [Nagase et al., 2007,
McKenzie et al., 2006; Fallahi-Sichani et al., 2006]. This ability could be attributed to the
presence of neural crest stem cells in those tissues [Fernandes et al., 2007; Crane and
Trainor, 2006]. Consequently, we will address the question of the potential presence of
neural crest stem cells in bone marrow.

INTRODUCTION

Embryologists and developmental biologists have introduced the stem cell concept
several years ago. A stem cell, by definition, is an undifferentiated cell that can produce
daughter cells that can either remain a stem cell (a process called self-renewal) or commit to a
pathway leading to differentiation. The first stem cell (and probably the more symbolic) is the
fertilized egg which results from the fusion of two haploid germinal stem cells. Once
fertilized, the egg undergoes a series of divisions, yielding two, then four, then eight identical
cells. These cells are totipotent (Figure 1), meaning that each one, if isolated and allowed to
develop, can form a new viable embryo. This is how identical (homozygous) twins result
from a single fertilized egg. Beside this particular type of stem cells, two other types of stem
cells can be distinguished according to their origin and their potential of differentiation:
embryonic stem cells (ES) and somatic stem cells (SSC) [Stanford et al., 1998]. After the
eight-cell stage (in human, two or three days after fertilization), the cells continue to divide,
but lose the ability to form a new embryo because trophoblastic differentiation is no more
observed at this stage of development. The embryo takes the form of a hollow sphere, known
as a blastocyst, containing an inner cell mass. ES are isolated for the inner mass of the
blastocyte and are able to differentiate into the three germ layer cell types [Amit et al., 2000,
Itskovitz-Eldor et al., 2000, Schuldiner et al., 2000]. This property is also call
pluripotentiality. ES are not considered to be totipotent because they cannot produce all of
the extra-embryonic tissues required for a full organism development. SSC are isolated from
fetal (after gastrulation stage) or adult tissues and have a more restricted potential of
differentiation also defined as multipotentiality. Currently, SSC have been isolated from
various organs or tissues: brain [Davis and Temple, 1994], blood [Domen and Weissman,
1999], epidermis [Gandarillas and Watt, 1997], intestine [Potten et al., 2003], bone marrow
[Bianco and Robey, 1999], pancreas [Lechner and Habener, 2003], liver [Sell, 1990], cornea
[Wu et al., 2001] and skeletal muscles [Seale and Rudnicki, 2000]. It was classically admitted
that SSC support tissue homeostasis by replacing lost cells. This function relies on the self-
renewing capacity which, together with asymmetrical division, prevents the drying up of stem
cell stocks and on the differentiation into mature cells to replace the lost cells. However,



Does Neural Phenotypic Plasticity from Non-Neural Cells Really Exist ? 33

while a great number of organs or tissues contain somatic stem cells, it appears that, most of
the time, those cells are quiescent or weakly active and, at least in some organs, are unable to
efficiently repair the damaged tissue. This is especially true for neural stem cells which are
found in the subependymal layer of the subventricular zone (SVZ) and the dentate gyrus
(DG) of the hippocampus in adult mammals [Gage, 2002]. Those cells, while still able to
proliferate and differentiate in vitro into neurons, astrocytes and oligodendrocytes [McKay,
1997], seem unable to sufficiently do so in vivo to ensure brain homeostasis as we define it
above [Li et al., 2003]. These two neurogenic zones are only able to form a small
microneurons population for olfactory bulb (SVZ) or CAl (DG) [Hagg, 2005]. By contrast,
mesenchymal stem cells (MSC) remain able to proliferate and differentiate into adipocytes,
osteocytes, fibroblasts and chondrocytes during the whole life and thus guarantee such
homeostasis for these cell types and tissues [Bianco and Robey, 1999].

Over the last decade, researchers have challenged the concept of tissue restriction of SSC
and demonstrated that those stem cells have more differentiation abilities than previously
thought. This ability, also refereed as stem cell phenotypic plasticity, can be defined as a cell
property where a same genotype can express different phenotype in function of the
environmental conditions. Such kind of plasticity can be adaptative or non-adaptative. Six
different mechanisms of differentiation, described by the embryologists during the
development could explain the phenotypic plasticity of SSC: de-differentiation, trans-
differentiation, the fusion, the trans-determination, true pluripotent stem cell behaviour and
the influence of trophic factors (Figure 2):

o De-differentiation. De-differentiation refers to the gain in differentiation potential
that would occur if mature cells were pushed back up the hierarchical model of
lineage restriction. After injury, some amphibians regenerate limbs, tail, and even
brain and spinal cord by de-differentiation at the injury site [Tsonis, 2000; Stocum,
2003]. Normally, primordial germ cells transplanted into blastocysts are fate-
restricted to germ cells. However, environmental manipulation allows these cells to
contribute to all somatic tissues. For instance, oligodendrocyte precursor cells can be
induced to generate neurospheres and subsequently neurons in vitro [Kondo and
Raff, 2000, 2004]. Whether de-differentiation of mammalian cells occurs under
normal circumstances or in repair remains unclear.

e Fusion. Investigators recognized in the 1960s that differentiated cell fate could be
altered in the rather extreme experimental conditions used when a somatic cell
nucleus was injected into an enucleated egg, and the cloning of mammals provides
proof of principle [Hochedlinger and Jaenisch, 2006]. Nonetheless, much of our
knowledge about cell fusion has been derived from studies involving heterokaryons-
cells fused in vitro. Typically, specialized functions are lost in these cells, although
they may be regained after chromosome loss. Silent genes may be activated; for
example, synthesis of human muscle proteins occurs in human amniotic fibroblasts
after fusion with mouse muscle cells [Clegg et Hauschka, 1987]. It has been
postulated that gene dosage (the relative genetic contribution of the two fused cell
types) is important both to novel gene activation in heterokaryons and to the
suppression of malignancy in hybrids. The formation of (non-dividing)
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heterokaryons indicates that differentiated cell phenotype can be altered without
DNA replication and cell division.

Transdifferentiation. In transdifferentiation, a mature cell assumes the phenotype and
function of another fully differentiated cell. This mechanism occurs during normal
oesophageal development, when smooth muscle cells switch to skeletal muscle
[Reddy and Kablar, 2004]. Moreover, the transdifferentiation is encountered in
various organs which are the target of a chronic inflammation leading to metaplasia
[Slack, 2007]. Some reports of transdifferentiation without chronic inflammation
have been based on morphological characteristics and lineage-specific markers
alone. However, to fulfil the criteria for transdifferentiation, multilineage
engraftment and functional activity must also be demonstrated.

Transdetermination. Transdetermination is the redirection of lineage-committed
stem cells or precursors to an alternative lineage [Johnston, 2005]. This happens
during development in drosophila, but it is extremely difficult to establish
definitively that cells are irreversibly committed to a lineage before
transdetermination, either at single cell or population level.

True pluripotent cells. True pluripotent cells may persist beyond embryogenesis and,
if provided with the appropriate signals, differentiate into cells of multiple lineages.
Presently, our knowledge of cell markers is inadequate to define cell populations
accurately, so it is possible that cells with true pluripotency issued from adult
organisms will have contaminated experiments previously reported as examples of
transdifferentiation. However, if the presence of an adult reserve of stem cells is
confirmed, the question of why such cells fail to effectively contribute to repair in
disease states must be addressed. Stem cells of various origins, including bone
marrow, do have tropism for inflammation suggesting that signals may be released
from areas of tissue damage into the circulation.

Trophic factors. Stem cells could also play a part in promoting functional recovery
by means other than cell replacement. The production of trophic factors might confer
resistance to disease, or promote the survival, migration, and differentiation of
endogenous precursors. Certainly, bone-marrow cells are known to produce a wide
variety of cytokines and exert paracrine effects [Wislet-Gendebien et al., 2004].
Moreover, these trophic factors could be concentrated in discrete functional
localisations, the so-called “niche”, where trophic factors should also include
paracrine and extracellular influences [Scadden, 2006].

The finding of stem cell plasticity carries significant implications for potential cell

therapy. For example, if differentiation can be redirected, stem cells of abundant source and
easy access, such as bone marrow or umbilical cord blood, could be used to substitute stem
cells in tissues that are difficult to isolate, such as heart and nervous system tissue. In this
therapeutical objective, numerous studies have been performed on the plasticity of the
mesenchymal stem cells. In this chapter, we will discuss the different studies of neural
phenotypic plasticity of mesenchymal stem cells and the pathway used by those cells to
express some neural characteristics.
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Figure 1. Stem cell types, origin and potential of differentiation. Totipotent stem cells results from the
fusion of two haploid germinal stem cells and the first divisions of the zygote. Pluripotent stem cells are
issued from the inner mass of the blastocyte, also named embryonic stem cells (ES). Multipotent stem
cells also defined as somatic stem cells, have a more restricted potential of differentiation than the ES
although this potential is not already well defined and seems to vary between somatic stem cells of
various organs and tissues.
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Figure 2. Phenotypic plasticity of somatic stem cells. The six different modes of phenotype acquisition
can explain the unusual differentiation properties of the somatic stem cells: differentiation, trans-
determination, trans-differentiation, fusion, real pluripotent behaviour and trophic factor influences.
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NEURAL PHENOTYPIC PLASTICITY OF MESENCHYMAL STEM
CELLS: MECHANISM(S) OF DIFFERENTIATION

Mesenchymal stem cells (MSC) are isolated from various tissues i.e. bone marrow,
adipose tissue and muscles. Those cells are characterized by the expression of numerous
surface antigens, but none of them appears to be exclusively expressed on MSC. It is
classically admitted that those cells need to be positive for STRO-1, CD13, CD49a, CD29,
CD44, CD90 (Thy1.1), VCAM-1 and p75-NGFr markers, but negative for CD11b, CD34 and
CD45 [reviewed by Herzog, 2003]. As a high proliferate and accessible source of cells, MSC
have been intensively studied for their potential use in restorative approaches for
degenerative diseases and traumatic injuries. In the central nervous system (CNS), stem cell-
based strategies have been proposed to replace lost neurons in degenerative diseases such as
Parkinson's disease, Huntington's disease, and amyotrophic lateral sclerosis [Lou Gehrig's
disease), or to replace lost oligodendrocytes in demyelinating diseases such as multiple
sclerosis. However, even if some studies, which we will be described later in this chapter,
demonstrated that MSC derived from adult tissues could be good candidates for cell
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replacement therapy, a better knowledge of the mechanisms underlying the phenotypic
plasticity of somatic stem cells is a prerequisite before considering their use in the treatment
of neurological diseases.

During the last decade, different studies have shown that MSC are able to adopt neural
phenotypes. Those studies can be classified in 3 groups: A) In vivo studies; B) neural
phenotypic plasticity induce in vitro using chemical agents and C) neural phenotypic
plasticity in vitro using co-culture. Those studies have been summarized in the Table 1 and
will be briefly described in the following paragraphs.

1. In vivo Studies

One of the first studies was realised by Kopen et al. [1999] who injected mouse MSC
into the lateral ventricle of neonatal mice. By 12 days post-injection, grafted MSC migrated
throughout the forebrain and cerebellum without disrupting the host brain architecture and
some MSC labelled by BrdU incorporation before grafting were characterized within the
striatum and the hippocampus by their expression of glial fibrillary acidic protein (GFAP)
and, therefore, recognized as mature astrocytes. Brazelton et al. [2000] demonstrated that
after intravascular delivery of genetically-marked adult mouse bone marrow into lethally
irradiated normal adult hosts, donor-derived cells in the brain expressed neuronal and
astroglial proteins. Lee et al. [2003] transplanted MSC stereotaxically into the brains of mice
subjected to focal cerebral infarct. A large number of grafted cells survived after injection in
the normal side of the brain 4 weeks after transplantation. MSC can then migrate into CNS
lesions and differentiate there into neurons or astrocytes. After inducing the neuronal
differentiation of MSC using cryptotanshinone, an AMP-kinase inhibitor extracted from the
roots of Salvia miltiorrhiza [Kim et al, 2006], Deng et al. [2006] demonstrated that MSC-
derived neuron-like cells are able to restore spinal cord function when grafted into injured
monkey spinal cord.

2. In vitro Studies

Several studies were also performed in vitro and demonstrated in different ways the MSC
ability to express neural markers. Sanchez-Ramos et al. [2000 and 2002] treated a subset of
both human and murine bone marrow cells with retinoic acid and BDNF. This treatment
allows MSC to express markers of immature neurons. Likewise, Woodbury et al. [2000 and
2002] found that B-mercaptoethanol (BME) added to cultivated adult rat MSC rapidly
induced a transition into neuron-like cells, but not into glial cells. Deng et al. [2001] reported
that compounds that increase intracellular cAMP levels such as isobutylmethylxanthine
(IBMX) and dibutyryl cAMP (db-cAMP), stimulated cultured human MSC to exhibit neural
cell morphology. Padovan et al. [2003] demonstrated that human MSC express an immature
neuronal marker (B-Ill-tubulin) when they are stimulated with neurotrophins such as
neurotrophin3 (NT3) or brain-derived neurotrophic factor (BDNF). Zhang et al. [2004]



Table 1. Summary of the in vivo / in vitro neural phenotypic plasticity of the MSC

type of cell-like

Immunological

Group Experimental conditions invivo  invitro obtained characteristics References
after experiment
Injection of MSC into the
lateral ventricle of neonatal
A mice + Astrocytes GFAP Kopen et al., 1999
Intravascular delivery of MSC + Neurons NeuN, NF-H, BllI-tubulin Brazelton et al.,
into lethally irradiated mice Astrocytes GFAP 2000
Injection of MSC into injured + Neurons NSE, NF Deng et al., 2006
spinal cord Astrocytes GFAP
B Retinoic acid and BDNF + Neurons NeuN, Nestin, pllI- Sanchez-Ramos et
treatment Astrocytes tubulin GFAP al.,2000
Retinoic acid and BDNF + Neurons NeuN, Nestin, pll1-tubulin Sanchez-Ramos et
treatment Astrocytes GFAP al., 2002
Beta-mercaptoethanol + Neurons NeuN, NF-H, BllI-tubulin Woodbury at al.,
treatment 2000
Beta-mercaptoethanol + Neurons NeuN, NF-H, Blli-tubulin Woodbury at al.,
treatment 2002
Isobutylmethylxanthine and + Neurons NSE vimentin Deng et al., 2001
dibutyryl cAMP treatment
Neurotrophin NT3 treatment + Neurons NeuN Podovan et al.,
2003
Culture with bFGF and EGF + Neurons Tujl, NF, MAP2 and Locatelli et al., 2003
NeuN
Induction with RA and Shh + Neurons NF-L and synapsin Tzeng et al., 2004
GDNF, dibutyryl AMPc and
PACAP
bFGF and ganglioside GM1 + Neurons NSE Zhang et al., 2004
treatment Astrocytes GFAP



Table 1. Summary of the in vivo / in vitro neural phenotypic plasticity of the MSC (Continued)

type of cell-like

Immunological

Group Experimental conditions invivo  invitro obtained characteristics References
after experiment
BDNF transfection and + Neurons NeuN Zhao et al., 2004
retinoic acide treatment Astrocytes GFAP
GDNF, IL-1beta,
mesencephalic + Dopaminergic NSE, MAP2ab and TH Guo et al., 2005
glial-cell-conditioned medium neurons
and flash-frozen
mesencephalic
membrane fragments.
Culture with RA, IBMX, + neurons NSE and NeuN Hellmann et al.,
dAMPc and ascorbic acid 2006
Conditionned medium from + Neurons GAP-43 and NF Rivera et al., 2006
hippocampus and cerebellum
C Co-culture of MSC with + astrocytes GFAP Wislet-gendebien et

neural stem cells al. 2003
Co-culture of MSC with + Neurons NF-200 Jiang et al., 2002
atrocytes astrocytes GFAP and 2003
Co-culture with fetal midbrain + Neurons NeuN Sanchez-Ramos et
cells astrocytes GFAP al., 2000
Co-culture of MSC with + Neurons Tujl, NF-M and NeuN Wislet-gendebien et
cerebellar granule neurons astrocytes GFAP al. 2005
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demonstrated that a combination of basic fibroblast growth factor (bFGF) with ganglioside
GM1 may synergistically promote the transformation of adult rat MSC into neurons and
astrocyte-like cells. More recently, Guo et al. [2005] demonstrated that MSC treated with
IBMX for 2 days and replace in a differentiating medium containing GDNF, IL-1p,
mesencephalic glial-cell-conditioned medium and flash-frozen mesencephalic membrane
fragments are able to differentiate into dopaminergic neuron-like cells. Likewise, Rivera et al.
[2006] demonstrated that soluble factors derived from adult hippocampus, cortex or
cerebellum are sufficient to induce the expression of several neuronal markers like GAP-43
and neurofilament by MSC.

Most of those in vitro and in vivo studies have only characterized the morphological and
immunological characteristic of the MSC-derived neural-like cells. Few studies, however,
have demonstrated that beside their immunological similarities, MSC-derived neuron-like
cells can also exhibit some neuron specific functionalities. Zhao et al. [2004] demonstrated
that, after being transfected with the BDNF gene via a recombinant retroviral vector, human
MSC become able to differentiate into neural cells when they are treated with all-trans-
retinoic acid (RA). Those MSC-derived neural cells express neural-specific proteins such as
NeuN, O4 and glial fibrillary acidic protein (GFAP). Electrophysiological analyses using the
whole-cell patch-clamp technique recorded voltage-dependent K*/Ca®* currents with a resting
membrane potential of -65.4+6.07mV. Similarly, we recently demonstrated that adult rats
MSC are able to differentiate into excitable neuron-like cells when they are co-cultivated
with mouse cerebellar granule neurons [Wislet-Gendebien et al., 2005]. First we
demonstrated that those cells express several neuronal markers (NeuN and B-111-tubulin), an
axonal marker (neurofilament protein recognized by the monoclonal antibody, SMI31) and a
dendritic marker (MAP2ab). Electrophysiological recordings of these nestin-positive MSC-
derived neuron-like cells (MDN) were performed and three maturation stages were observed.
At 4-6 days of co-culture, MDN showed some neurotransmitter responsiveness (GABA,
glycine, serotonin and glutamate) and voltage-gated K* currents inhibited by TEA
(tetraethylammonium). At that stage, MDN do not express functional sodium voltage-gated
channels and have a low membrane potential (Viest) (-37.6£3mV, n = 61). During the second
week of co-culture, MDN started to display Na® currents reversely inhibited by TTX
(tetrodotoxin) and were able to fire single action potential spikes. In those older co-cultures,
the Vi reaches a more negative value which is closer to the value usually measured in
neurons (7-9 days, -50.3+2mV, n = 76 and 10-15 days, -56.7+2.3mV, n = 97).

Altogether those studies suggest that MSC have some real potential to mimic
immunological and functional characteristic of neural cells. Different ways of differentiation
have been proposed to explain the unusual abilities of MSC: fusion, real pluripotency and
trophic factors.

e Fusion: Alvarez-Dolado et al. used an elegant approach based on Cre/lox
recombination methodology to detect cell fusion events and demonstrated that after
being intravenously injected in X-irradiated animals, bone marrow-derived cells fuse
spontaneously in vivo with hepatocytes in liver, Purkinje neurons in the cerebellum
and cardiac muscle in the heart, resulting in the formation of bi-nucleated cells. For
this study, they used as donor mice expressing ubiquitously the Cre-recombinase
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gene under the control of a hybrid cytomegalovirus enhancer/B-actin (ACTB)
promoter and the conditional Cre reporter mouse line R26R12 as a host animal. In
these mice, the LacZ reporter gene is exclusively expressed after the excision of a
lox P-flanked (floxed) stop cassette by Cre-mediated recombination. When Cre-
expressing cells fuse with R26R12 cells, Cre recombinase excises the floxed stop
cassette of the reporter gene in the R26R12 nuclei, resulting in expression of LacZ in
the fused cells. Consequently, fused cells can be detected easily by 5-bromo-4-
chloro-3-indolyl-beta-d-galactoside (X-gal) staining. To study cell fusion in vivo,
R26R12 reporter mice were lethally irradiated, and two days later were grafted with
bone marrow from mice constitutively expressing Cre recombinase and green
fluorescent protein (GFP) under the control of the p-actin promoter. In all animals,
cells labelled with X-gal were only found in brain, heart and liver (animals examined
10 months after grafting: in brain 5 cells/1.5x10° Purkinje neurons; in liver 59
cells/5.5%10° hepatocytes; in heart 71 cells/7500 cardiomyocytes). In the same study,
they co-cultured bone marrow stromal cells from R26R12 reporter mice with Cre-
positive multipotent progenitor cells isolated from postnatal brain and grown as
neurospheres. After 4 days in vitro, a small proportion of LacZ-positive cells (1-2
cells per 80,000 cells) were found in these co-cultures. Weimann et al. injected
intravenously GFP-expressing MSC in X-irradiated mice and observed after at least
6 weeks, that some Purkinje cells in the host animal were GFP-positive [2003].
However, these GFP-positive Purkinje neurons are characterized by the presence of
two nuclei and when only male GFP-MSC donor cells are injected into female
receiver animals, one nucleus is recognized by a Y-chromosome probe by in situ
hybridisation. The frequency of cell fusion events in these experiments seems to be
roughly the same as described above.

True pluripotent cells: We recently analysed the mechanism underlying the neural
phenotypic plasticity of nestin-positive MSC when these cells are co-cultivated with
cerebellar granule neurons (CG) [Wislet-Gendebien et al., 2005]. Three sets of
experiments were performed. The first group involved the analysis of the DNA
content of nestin-positive MSC and CG before and after co-culture. In all cases, we
never observed a significant difference in ploidy which could explain how 60% of
the MSC show some neural differentiation (40% as astrocytes and 20% as neuron-
like cells). Although the sensitivity of this technique does not allow us to rule out
that some fusion events can take place, we performed two other experiments. Rats
MSC were co-cultivated with granule cerebellar neurons cultivated from green-mice
expressing the Green Fluorescent Protein (GFP) under the control of the actin
promoter [Okabe et al., 1997]. Thereafter, double labellings with GFAP and M2
antibodies on one hand, and Tuj1 (anti-p-111-tubulin) and M6 antibodies on the other
hand were performed. M2 and M6 recognize respectively and specifically mouse
astrocytes and mouse neurons [Lagenaur et al., 1981]. We could observe that: (1) all
GFAPpositive/ GFP-negative and Tujl-positive/GFP-negative cells are also negative
for M2 and M6, respectively, allowing us to conclude that those cells are of rat
origin and thus likely derive from the MSC population, (2) all the cells which were
recognized either by the M2 or by the M6 antibodies were also GFP-positive, ruling
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out a down-regulation of GFP expression during the co-culture period. Finally,
nestin-positive MSC were cultivated for 5 days on paraformaldehyde-fixed GFP-
positive granule cerebellar neurons in the presence of CG-conditioned medium
(which has been centrifuged and filtered). In such conditions, we observed that
16.142.6% (n = 8) nestin-positive MSC-derived cells were NeuN-positive and
23.1+2.1% (n = 7) nestin-positive MSC-derived cells were GFAP-positive. Note that
the level of GFP fluorescence in the fixed cells maintained for 5 days in culture
remains stable. Although some rare fusion events cannot be excluded in these three
sets of experiments using a co-culture paradigm, we can conclude that most MSC-
derived neuron-like cells appear as a consequence of a differentiation process of
nestin-positive MSC.

e Trophic factors: As described above, Podovan et al. [2003], Zhao et al. [2004],
Zhang et al. [2004] and Rivera et al. [2006] demonstrated that several factors like
GDNF, bFGF, NT3 or unknown factors contain in neural cell conditioned medium
are able to orientate the MSC toward a neural fate, although most of these studies are
only based on an immunological approaches except for Zhao et al. which infect cells
with retroviruses (see above).

All of these results suggest that the mechanisms underlying the neural phenotypic
plasticity of MSC could vary as a function of the environment and/or the cell status. We have
also to consider that bone marrow mesenchymal stem cells are an heterogeneous population
suggesting that some cells would be more subjected for cell fusion while the other would
respond to environmental factors (like trophic factors) and/or adopt a true pluripotent stem
cell behaviour. Cell fusion could be a hallmark of precursors or progenitors of monocytes
and/or osteoclasts, two well-known cell types which usually fused with other cells or with
themselves.

CouLD NEURAL CREST STEM CELLS
BE PRESENT IN THE BONE MARROW?

Beside MSC, other cell types form different tissues were studied for their potential ability
to differentiate into neural cells, i.e. adipose tissue, umbilical cord cells, and skin cells.
Adipose tissue, like bone marrow, is derived from the embryonic mesoderm. While available
literature conflicts about the presence of certain cell receptor antigens, there is general
agreement that adipose-derived stem cells and bone marrow stromal cells share adhesion and
receptor molecules but are distinct for several adhesion markers with known function in
hematopoietic stem cell homing and mobilization that is unique to the bone marrow function
[Gronthos et al., 2001; De Ugarte et al., 2003]. Other similarities of adipose-derived stem
cells to bone marrow stromal cells is that both stem cell types are capable of differentiating
into chondrocytes, osteoblasts, and myocytes [Sanchez-Ramos et al., 2000; Zuk et al., 2001,
Safford et al., 2004]. To date, there have been several publications that demonstrate neural
cell differentiation of adipose-derived stem cells both in vivo and in vitro [reviewed by Kokai
et al. 2005]. According to those studies, it appears that adipose-derived stem cells can
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express, under specific conditions, neural markers like nestin, NF-M, NeuN, NSE, Map2,
S100 and GFAP.

The mononuclear fraction of umbilical cord blood cells (UCBmf) is rich in
stem/progenitor cells. Like bone marrow stem cells, UCBmf cells are capable of self-renewal
[Kim et al., 2005], proliferation, subsequent lineage commitment for multiple differentiated
cell types [Goodwin et al., 2001]. Moreover those cells can be used to reconstitute the blood
and immune systems [reviewed by Broxmeyer, 2005] in various haematological diseases.
Some of these pluripotent mesodermal cells have recently been shown to differentiate into
cells derived from other germ layers both in vitro and in vivo [Kong et al., 2004]. It has been
show that UCBmf are able to express numerous markers of either stemness or neural fate in
vitro such as nestin, Musashil, Oct-4, TuJl, NCAM, vimentin, GFAP, S100, GalC and
MAP2 [McGuckin et al., 2005; Chen et al., 2005]. Further, these cells express neurotrophic
receptors trkB, trkC and p75NTR and cytokine receptor CXCR4 [Sanchez-Ramos et al.,
2006; Chen et al., 2005].

Similarly, recent evidence indicates that multipotent stem cell populations are present in
the mammalian dermis. These cells, defined skin-derived stem cells (SKS), were isolated
from the embryo and adult mouse dermis, expanded, and differentiated into cells of various
lineages when cultured in optimized media [Toma et al., 2001 and Jahoda et al., 2003]. Like
bone marrow and UCBmf cells, the SKS are able to express some neural markers, i.e., nestin,
NF-H, NF-M, beta-IlI-tubulin, Map2, GAP43 and GFAP [Toma et al., 2001, Gorio et al.,
2004, Kawase et al., 2004 and Collo et al., 2006].

Beside the ability to express some neural marker that adipose, umbilical cord and skin
cells share, recent studies reported that neural crest stem cells can be isolated from those
tissue [Reviewed by Crane and Trainor, 2006; Fernandes et al., 2007]. Therefore, in the
second part of this chapter, we will analyse the possibility that neural crest stem cells can be
isolated from adult bone marrow.

Origin of the Neural Crest Cells

In early vertebrate development, the neural crest is specified in the embryonic ectoderm
at the boundary of the neural plate and the ectoderm. Once specified, the neural crest cells
(NCCs) undergo a process of epithelium to mesenchyme transition (EMT) that will confer
them the ability to migrate. The EMT involves different molecular and cellular machineries
and implies deep changes in cell morphology and in the type of cell surface adhesion and
recognition molecules. When the EMT is complete, they delaminate from the neural
folds/neural tube and migrate along characteristic pathways to differentiate into a wide
variety of derivates (Figure 3) [reviewed by Kalcheim, 2000]. Classically, the neural crest can
be divided in four main domains, each with characteristic derivatives and functions: the
cranial (cephalic), the trunk, the vagal and sacral, and the cardiac neural crest cells [Le
Liévre et Le Douarin, 1975].

e The cranial neural crest arises in the anterior and populates the face and the
pharyngeal arches giving rise to cartilage, bone, cranial neurons of the peripheral
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nervous system, glial and connective tissue of the face. Cells that migrated into the
pharyngeal arches play an inductive role in the thymus and thyroid gland
development.

The trunk neural crest is a transient structure which disappears soon after the neural
tube closes, lies between the vagal and sacral neural crest and gives rise to two
groups of cells. One group migrates dorso-lateral and populates the skin, forming
pigment cells and the other migrates ventro-lateral through the anterior sclerotome to
become the epinephrine-producing cells of the adrenal gland and the neurons of the
sympathetic nervous system. Some cells remain in the sclerotome to form the dorsal
root ganglia.

The vagal and sacral neural crest arises in the neck and tail and populates the gut,
forming the parasympathetic neurons that regulate peristalsis and control blood
vessel dilation.

Cardiac neural crest cells as the cranial neural crest cells can differentiate into
melanocytes, neurons, cartilage and connective tissue, but can also more specifically
produce the entire muscular-connective tissue wall of the large arteries as they arise
from the heart as well as contributing to the septum that separate pulmonary
circulation from the aorta.
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Figure 3. Neurulation and neural crest migration. As neurulation proceeds, the neural plate rolls up and
the neural plate border becomes the neural folds. Near the time of neural tube closure (depending on the
species), the neural crest cells go through an epithelial to mesenchymal transition (EMT) and
delaminate from the neural folds or dorsal neural tube and migrate along defined pathways.
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Molecular Pathways Underlying the Formation of the Neural Crest Stem
Cells

A large body of in vitro studies as well as analyses of gene mutations in mice has led to
the identification of several growth factor/receptor signalling pathways implicated in the
development of specific neural crest derivative subtypes [reviewed by Anderson, 1997; Le
Kalcheim, 2000; Sieber-Blum, 1997]. In mice, neural crest stem cells are defined by
expression of two markers: p75SNGFR (low-affinity nerve growth factor receptor) and the
transcription factor Sox10 [Stemple et Anderson, 1992; Rao et Anderson, 1997; Paratore et
al., 2001; Kim et al., 2003].

A number of signals have been implicated in the formation of the neural crest, including
members of the Wnt, FGF and BMP families. These secreted proteins (extrinsic factors)
regulate early expression of transcription factors, cell adhesion molecules, extracellular
glycoproteins, etc. while intrinsic factors act to stabilize the competence of the epithelium to
form neural crest [Knecht and Bronner-Fraser, 2002] and, moreover, some also regulate
subsequent developmental events, such as delamination and initiation of migration
[Kalcheim, 2005, LaBonne and Bronner- Fraser, 2000].

1) Extrinsic Factors Regulation the Neural Crest Formation

The formation of neural crest has traditionally been considered as a classic example of
induction, in which signals from one tissue elicit differentiation in a responding competent
tissue [Liem et al., 1995; Selleck and Bronner-Fraser, 1995; Mancilla and Mayor, 1996]. As
described in the Figure 4, signals inducing the formation of the neural crest formation are
sent by the mesoderm as well as the epidermis. A) Signals from the mesoderm: a graded
signal from the mesoderm is responsible for neural crest induction. Members of the Wnt
(wingless/INT) family of secreted glycoproteins may mediate the neural crest inducing ability
of paraxial mesoderm [Bang et al., 1999]. Likewise, a member of the fibroblast growth factor
(FGF) family, FGF-8, mediates the inductive effects of paraxial mesoderm. Several studies
suggested that FGF's ability to induce neural crest is dependent on Wnt signaling [LaBonne
and Bronner-Fraser, 1998]. B) Signals from ectoderm: a gradient of BMP signalling acts
initially to specify epidermal, neural, and border (prospective neural crest) fates in the
ectoderm. Both Wnt and FGF signals have been proposed to play a role in this process
[Mayor et al., 2000; LaBonne and Bronner-Fraser, 1998; Marchant et al., 1998; Bastidas et
al., 2004]. Wnt proteins play significant roles in neural crest cell development at different
developmental times [reviewed in Wu et al., 2003]. Wnt6 is synthesized in the epidermal
ectoderm and might mediate crest specification [Garcia-Castro et al., 2002]. Slightly later,
Wntl and Wnt3a are present in the dorsal neural tube following initial specification of crest
cells [Dickinson et al., 1995]. Wnt3a is intense already opposite the segmental plate while
Wntl becomes apparent slightly later, opposite epithelial somites and concomitant with BMP
relief from noggin inhibition [Burstyn-Cohen et al., 2004]. Whereas Wnt1 is likely to be
directly regulated by BMPs [Marcelle et al., 1999, Sela-Donenfeld and Kalcheim, 2002,
Burstyn-Cohen et al., 2004], the transcription of Wnt3a is not; suggesting that Wntl better
fits to be involved in crest delamination [Burstyn-Cohen et al., 2004]. Wnt signaling act
through the transmembrane receptor Frizzled which is required to modulate the distribution
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and function of p-catenin [Miller and Moon, 1997]. B-catenin associate directly with the
highly conserved cytoplasmic domain of cadherins. The so formed cadherin-catenin complex
links to the actin filament network [Ozawa et al., 1989; Hinck et al., 1994; Knudsen et al.,
1995; Weiss et al., 1998]. BMP/Wnt-mediated signals could induce changes in the actin
cytoskeleton via rhoB. A role for rhoB in crest delamination has been already suggested
based on inhibition experiments in culture [Liu and Jessell, 1998]. A molecular pathway for
the activation of Rho by Wnt/frizzled was suggested, which involves the formation of a
complex between Rho, dishevelled and Daaml in the plasma membrane, resulting in the
generation of a polarized cytoskeleton [Habas et al., 2002]. Thus, the dynamic association of
the catenin-cadherin complex and that of rhoB with the cytoskeleton may be essential for
regulating cell-cell interactions leading to neural crest delamination. Notably, Rho GTPases
could also be effectors of Wnt signals in this pathway as they were shown to affect
morphogenesis by interfering with cell proliferation [Wei et al., 2002].

Model schematizing neural crest induction

Ectoderm Neural fold Neural plate

Slug/Snail

WINT Msx Myc
High BMP level Zic SoxE Low BMP level
FoxD3

FGF
WNT

Mesoderm

Figure 4. Neural crest induction and its relation to neural plate and neural plate border. Members of the
BMP, FGF, and Wnts families of signalling molecules are involved in the formation of the neural plate,
the establishment of the neural plate border, and in neural crest induction. These signals can originate
from the ectoderm, or the mesoderm.

Later during the development, the induced cells interact to complete neural crest
induction by a process that requires Notch/Delta signalling. Notch signalling has two roles
during neural crest development: first in establishing the neural crest domain within the
ectoderm via lateral induction and subsequently in diversifying the fates of cells that arise
from the neural crest via lateral inhibition. The first of these roles, specification of neural
crest via lateral induction, has been explored primarily in the cranial neural folds from which
the cranial neural crest arises. Evidence for such a role has thus far only been obtained from
chick and frog; results from these two species differ, but share the feature that Notch
signalling regulates genes that are expressed by cranial neural crest through effects on
expression of Bmp family members. The second of these roles, diversification of neural crest
progeny via lateral inhibition, has been identified thus far only in trunk neural crest. Evidence
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from several species suggests that Notch-mediated lateral inhibition functions in multiple
episodes in this context, in each case inhibiting neurogenesis. In the 'standard’ mode of lateral
inhibition, Notch promotes proliferation and in the ‘instructive’ mode, it promotes specific
secondary fates, including cell death or glial differentiation [reviewed by Cornell et Eisen,
2005].

Once neural crest formation has been induced, some extracellular factors have been
reported to induce the ultimate steps of neural crest differentiation. Bone morphogenetic
protein 2 (BMP2) was shown to induce neurogenesis in culture, glial growth factor (GGF)
drives the cells into glial, transforming growth factor-p (TGFp) into smooth muscle
differentiation [Shah et al., 1994 and 1996]. Several groups published data on melanocyte
differentiation of NC cells [Maxwell et al., 1996; Takano et al., 2002] and demonstrated that
Endothelin 3 is an essential factor in that pathway [Lahav et al., 1996 and 1998]. Recent
work showed, that chondrogenesis can also be induced in trunk NC cells [McGonnell et
Graham, 2002; Oka et Ito, 2007; Maurer et al., 2006].

2) Intrinsic Factors Regulating the Neural Crest Formation

The boundary region between the neural plate and the epidermis is defined by expression
of a variety of specific markers, including transcription factors such as Slug or Snail, AP-2,
Foxd3, PAX3, twist, Sox9, Zic5, etc.

Group E Sox genes (Sox8, Sox9 and Sox10) are expressed in the prospective neural crest
and Sox9 expression precedes expression of premigratory neural crest markers. Group E Sox
genes act at two distinct steps in neural crest differentiation. Forced expression of Sox9
promotes neural-crest-like properties in neural tube progenitors at the expense of central
nervous system neuronal differentiation. Subsequently, in migratory neural crest cells, SoxE
gene expression biases cells towards glial cell and melanocyte fate, and away from neuronal
lineages. Although SoxE genes are sufficient to initiate neural crest development, they do not
efficiently induce the delamination of ectopic neural crest cells from the neural tube
consistent with the idea that this event is independently controlled [Reviewed by Cheung et
Briscoe 2003]. Sox10 is expressed by migrating neural crest cells and is required for the
survival of neural crest cells before lineage segregation [Southard-Smith et al., 1998; Kapur,
2000; Paratore et al., 2001]. Furthermore, in developing dorsal root ganglia, Sox10 is also
required for glial fate acquisition, and Sox10 expression appears to be maintained by
differentiating glial cells but not by differentiating neurons [Britsch et al., 2001, Paratore et
al., 2001]. Finally, Sox10 heterozygous mutant neural crest cells, survival appears to be
normal, while fate specifications are drastically affected. Thereby, the fate chosen by a
mutant neural crest cell is context dependent. Several studies indicate that combinatorial
signalling by Sox10, extracellular factors such as neuregulin 1, and local cell-cell interactions
is involved in fine-tuning lineage decisions by neural crest stem cells [reviewed by Paratore,
2001]. Likewise, the expression of Sox2 has been proposed to act by maintaining a neural
progenitor identity [Graham et al., 2003]. It becomes down-regulated in the neural plate when
neural crest cells segregate from the dorsal neural tube, and it remains low during neural crest
cell migration. Sox2 expression is subsequently up-regulated in some crest-derived cells in
the developing peripheral nervous system and is later restricted to glial sublineages
[Wakamatsu et al., 2004].
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Similarities between Neural Plasticity of MSC and Neural Crest Stem Cells

We recently demonstrated that MSC express the Neural stem cells protein (nestin)
[Wislet-Gendebien et al., 2003], an intermediate filament protein predominantly expressed by
neural progenitors [Lendahl et al., 1990]. During embryogenesis, nestin is expressed in
migrating and proliferating cells (including neural crest stem cells), whereas in adult tissues,
nestin is mainly restricted to areas of regeneration [Wiese et al., 2004]. As MSC are able to
adopt some neural phenotypes, it appears that the nestin expression is a pre-requisite for the
neural differentiation: only nestin-positive MSC are able to differentiate into neuron- and
glial-like cells [Wislet-Gendebien et al., 2005]. Moreover, the number of nestin-positive
MSC present in culture increase with the number of cell passages suggesting a higher
proliferation rate for the MSC with neural abilities. Interestingly, several factors like Sox
transcription factors (Sox2 and Sox10); Pax6 transcription factor; ErBb2 and ErBb4
neuregulin receptors; as well as Frizzled Wnt receptors (FZD1, FZD2 and FZD5) are over-
expressed by nestin-positive MSC compare to nestin-negative MSC [Wislet-Gendebien et al.,
2005].

As previously described, neural crest stem cells are defined by expression of two
markers: p75NGFR (low-affinity nerve growth factor receptor) and the transcription factor
Sox10 [Stemple et Anderson, 1992; Rao et Anderson, 1997; Paratore et al., 2001; Kim et al.,
2003]. Once again, MSC express also those two factors [Wislet-Gendebien et al., 2005].

During the embryonic development, migration and differentiation of neural crest stem
cells involved several factors like neuregulins and their receptors ErbB. The neuregulin gene
encodes various isoforms of a recently identified growth and differentiation factor, which all
contain an EGF-like domain. So far, four genes has been described to encode for neuregulin
NRG1, NRG2, NRG3 and NRG4 [Burden et Yarden, 1997; Busfield et al., 1997; Carraway et
al ., 1995; Higashiyama et al., 1997; Harari et al., 1999]. NRG1 gene is the more studied and
contains numerous exons that after alternative splicing allow the expression of 14 different
proteins that can be classified in 3 groups: (I) type I isoforms (originally identified as NDF
Neu Differentiation Factor/ HER heregulin or ARIA, Acetylcholine Receptor Inducing
Activity) contain an lIg-like domain, an EGF-like domain that suffices to elicit biological
responses [Holmes et al., 1992], a proteolysis site, a hydrophobic domain suggested to act as
internal signal sequence for secretion of the factor and additional C-terminal sequences
[Holmes et al., 1992]; (1) type 1l isoforms (originally identified as GGF Glial Growth Factor)
contain a signal peptide, a kringle-like sequence plus Ig and EGF-like domains [Marchionni
et al.,1993]; (1) type Il isoforms (originally identified as SMDF Sensory and Motor
Neuron-derived Factor) share only the EGF-like domain with other isoforms; notable in the
N-terminal part is a hydrophobic domain within a cysteine-rich sequence [Ho et al., 1995].

Neuregulin-induced cellular responses are mediated by tyrosine kinase receptors of the
erbB family: neuregulin binds erbB3 and erbB4 with high affinity, but not the erbB2 (HER2)
and erbB1 (EGF) receptors [Peles et al., 1993; Plowman et al., 1993; Carraway et al., 1995].
Binding affinity of neuregulin to erbB3 is increased by the presence of erbB2 [Sliwkowski et
al., 1994]. Moreover, when co-expressed with erbB3 or erbB4, neuregulin induces tyrosine
phosphorylation of the erbB2 receptor [Holmes et al., 1992; Wen et al., 1992; Carraway and
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Cantley, 1994; Beerli et al., 1995]. This is the result of heterodimerization of erbB2 with
erbB3 or erbB4 and subsequent receptor cross-phosphorylation.

Meyer et al. [1997] demonstrated that type | neuregulin is expressed in cephalic
mesenchyme and cranial ganglia as well as the endocardium and governs development of
neural crest-derived neurons. In contrast, type 1l neuregulin is expressed in differentiating
sensory and motor neurons and acts on the Schwann cell precursors, driving their initial
development. Concerning the receptors ErbB, distinct receptor combinations are essential in
different developmental events: the ErbB2 and ErbB4 receptors cooperate in transmission of
neuregulin-1 signals in the heart, whereas ErbB2 and ErbB3 cooperate in neural crest cells
[Gassmann et al. 1995; Lee et al. 1995; Erickson et al. 1997; Riethmacher et al. 1997],
however, precise developmental event that requires the neuregulin-1 signal and ErbB
receptors has not been elucidated. At this point, the lack of ErbB3 expression by the
mesenchymal-derived stem cells would not be enough to rule out those cells as potential
neural crest stem cells. Indeed, when we look at the functional side, type | neuregulin can
interact with both ErbB2/ErbB3 and ErbB2/ErbB4 receptors. Likewise, it seems that ErbB3
expression by neural crest cells is observed early in the development (at the migration stage)
or later (at the neural specification stage). Potential neural crest stem cells located in the bone
marrow would not express the ErbB3 receptor because they at a post-migration but pre-
differentiation stage. Finally, neural crest cells located in the heart express ErbB4 receptor
but not ErbB3. However, heart-derived neural crest stem cells are also able to differentiate
into mature neural cells under specific conditions [Tomita et al., 2005].

Upon binding to cell surface receptors, Wnts initiate an intracellular cascade that, via
several intermediate steps, leads to the translocation of beta-catenin to the nucleus (see
above). lkeya et al. [1997] demonstrated that wntl and wnt3a play an important role in the
specification of the neural crest derivates and Giarre et al, [1999] demonstrated that the
responsiveness to Wnt-1 at the biochemical level is a common property of both epithelial and
mesenchymal cells. More recently, Jackson et al. [2005] demonstrated that mesenchymal
stem cells express different wntl- and wnt3a-induced gene that activated the B-catenin
dependent pathway. Moreover, wnt3a can activated frizzled receptor Fz1 and Fz2 [Kennell et
MacDougald, 2005] which are overexpressed by nestin-positive MSC [Wislet-Gendebien et
al., 2005].

CONCLUSION

According to the different studies realised on bone marrow-derived stem cells, it seems
that those cells share numerous similarities with the neural crest stem cells. Beside their
abilities to differentiate into mesenchymal and neural lineages, bone marrow-derived stem
cells are p75NGFr- and Sox10-positives and express some wnt receptors (Frizzled) as well as
neuregulin receptors (erbB2 and erbB4), which could activate the intracellular pathways
underlying the neural differentiation.

However, if those evidences strongly suggest that neural crest stem cells can be present
in the adult bone marrow, the “ultimate” demonstration seems to be missing. This
demonstration would involve the tracking of the neural crest stem cells form the early stage
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of embryonic development to the colonisation of various tissues. Interestingly, Jiang et al. in
2000 developed a two-component genetic system based on Cre/lox recombination to label
indelibly the entire mouse neural crest population at the time of its formation, and to detect it
at any time thereafter. Briefly, the fate of neural crest cells was mapped in vivo by mating
ROSA26 Cre reporter (R26R) mice, which express B-galactosidase upon Cre-mediated
recombination, with mice expressing Cre recombinase under the control of the Wntl
promoter. In Wnt1-Cre/R26R double transgenic mice, virtually all neural crest stem cells
express B-galactosidase. Using this transgenic model, Sieber-Blum and Grim [2004]
demonstrated the presence of pluripotent neural crest stem cells in adult follicle hairs and
Wong et al. [2006] recently demonstrated the presence of neural crest cells in the mouse adult
skin. This approach could also be useful to look for a possible presence of neural crest-
derived cells in bone marrow. These cells keep the ability to differentiation into neurons or
astrocytes and as the facility of getting mesenchymal stem cells from bone marrow, could be
useful for a cell therapy based on auto-graft. The physiological role of these neural crest
derived cells in bone marrow should also be addressed, especially regarding the regulation of
haematopoiesis [Katayama et al., 2006].
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ABSTRACT

Spermatozoa are formed in the mammalian testes by a complex differentiation
process collectively referred to as spermatogenesis. The process involves multiple
molecular events during mitotic cell division, meiosis and spermiogenesis. The last event
is the final phase of the complex process when a non-dividing ordinary looking round
spermatid is transformed into a uniquely shaped spermatozoon containing a well-
developed sperm head (with a nucleus and a new organelle, the acrosome) and a fully
formed flagellum. It is important to emphasize that the constituent proteins/glycoproteins,
present within the acrosome of a testicular spermatozoon, are synthesized in testicular
germ cells during spermatogenesis. However, our knowledge on the origin and molecular
processes that regulate the expression and processing of acrosomal enzymes in the germ
cells is very limited. In this article, we have described multiple biochemical and
immunohistochemical approaches to examine the synthesis, processing and localization
of two acid glycohydrolases in spermatogenic cells from rodent testes. Mixed germ cells,
prepared from the rat or mouse testis by enzymatic digestion, were separated by unit
gravity sedimentation using a linear gradient of 2-4% bovine serum albumin. Fractions
rich in spermatocytes, round spermatids, and condensed/elongated spermatids (>95%
pure cell populations) were pooled separately and the enriched cells were assayed for
several acid glycohydrolase activities. All these cell populations as well as the cauda
epididymal spermatozoa were found to contain several acid glycohydrolase activities.
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The presence of two enzymes, namely B-D-galactosidase and B-D-glucuronidase in the
germ cells was further confirmed using immunocytochemical and biochemical
approaches. Immunocytochemical approaches at the electron microscopic level revealed
that the two enzymes were present in the Golgi membranes, Golgi-associated vesicles,
and lysosome-like structures in the late spermatocytes and round spermatids. Indirect
immunofluorescence studies at the light microscopic level revealed intense
immunopositive reaction in the forming/formed acrosome of the round spermatids,
elongated spermatids and the cauda epididymal spermatozoa. A combination of
radiolabeling of spermatocytes and round spermatids in cell culture, immunoprecipitation
of the [**S]methionine-labeled (newly synthesized) p-D-galactosidase, SDS-PAGE and
autoradiography procedures were used to examine the synthesis and processing of the
enzyme in rat spermatogenic cells. Data from these approaches demonstrate that the B-D-
galactosidase is synthesized in the spermatocytes and round spermatids as high molecular
weight precursor forms of 90/88-kD that undergo processing to the lower molecular
weight mature forms in a cell-specific manner. The net result is the formation of
predominantly 64-kD and 62-kD forms in spermatocytes and round spermatids,
respectively. Taken together, our studies demonstrate that the two acid glycohydrolases
present in the acrosome of the epididymal spermatozoa are first expressed in
spermatocytes. Our final intention is to briefly discuss the significance of acrosomal
glycohydrolases in sperm function and fertilization. We hope that various studies
reported in this article will contribute to a better understanding of the sperm acrosome
and its potential role in fertilization.

Keywords: Spermatogenesis; sperm acrosome; acrosomal enzymes; glycohydrolases; sperm
formation; acrosomal reaction.

INTRODUCTION

Mammalian spermatozoa undergo many fascinating changes during their formation in the
testes. The cells are formed throughout postpubertal male reproductive life from
spermatogonial stem cells by a highly orchestrated process referred to as spermatogenesis.
The entire process consists of three sequential phases of cell proliferation and differentiation
[1-3]. First, spermatogonial stem cells undergo extensive multiplication and proliferation to
produce an optimal number of spermatogonia that give rise to primary spermatocytes and also
to maintain a pool of stem cells. Second, the primary spermatocytes undergo a lengthy
meiotic prophase, followed by the first meiotic cell division that results in the formation of
two secondary spermatocytes. Each diploid cell undergoes the second meiotic cell division to
produce four haploid round spermatids. Finally, the haploid cells undergo gradual remodeling
of cellular components during transformation into sperm cells by a process referred to as
spermiogenesis [3,4].

The haploid round spermatids have a spherical nucleus with dispersed chromatin and
absence of nucleolii [5,6]. These cells are incapable of further cell division. During
spermiogenesis, the cell undergoes nuclear and cytoplasmic changes that result in the
formation of a hydrodynamically shaped spermatozoon with a head containing the condensed
nucleus and acrosome, and a flagellum [1-4]. During this transformation, several cellular
organelles (nucleus, endoplasmic reticulum, Golgi apparatus, mitochondria, and centriole
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etc.) simultaneously undergo biochemical and structural changes that result in a gradual
shape change from round to elongated as spermatid metamorphoses into a developing
spermatozoon.

Spermatozoa released from the seminiferous tubules are terminally differentiated cells
with no known synthetic activity. Their constituent proteins/glycoproteins are synthesized in
the spermatogenic cells during spermatogenesis. Although the sperm acrosome and its
contents (acid glycohydrolases, proteinases etc.) play an important role in sperm function, our
understanding of how these molecules are synthesized and processed is very limited. There
are multiple reasons for the lack of this information. First, the methods available for the
preparation of enriched populations of spermatogenic cells are highly technical and have
discouraged many investigators from approaching these studies. Second, the male germ cells
are viable in culture for only a short period of time [7] making it difficult to carry out detailed
in vitro biosynthetic studies. Finally, very few high titer antibodies have been prepared
against acrosomal antigens to attempt these studies. The availability of high titer antibodies
against rat preputial gland B-D-glucuronidase and rat epididymal luminal fluid B-D-
galactosidase that cross-reacted with these enzymes in the germ cells and spermatozoa has
allowed us to attempt these studies.

In this article, we have used multiple approaches to: i) chemically characterize the two
glycohydrolases in spermatogenic cells and spermatozoa; ii) immunolocalize these
glycohydrolases in the mouse and rat testicular germ cells and spermatozoa; and iii) examine
synthesis and processing of B-D-galactosidase in spermatocytes and round spermatids in cell
culture. Data from these studies collectively demonstrate that the two enzymes are first
expressed in 4N diploid cells (pachytene spermatocytes). Both enzymes are localized in the
Golgi apparatus, Golgi-associated vesicles, and lysosome-like vesicles in the spermatocytes
and round spermatids. Biosynthetic studies with B-D-galactosidase indicated that the enzyme
is first synthesized in pachytene spermatocytes and round spermatids where it undergoes
processing before it is packaged into the sperm acrosome. In addition, using indirect
immunofluorescence approaches, we have examined the progressive formation of the sperm
acrosome during spermiogenesis. Interestingly, our data demonstrate that the formation of the
acrosome coincides with the decrease in the number of lysosome-like multivesicular bodies
in spermatids. The procedures and results outlined in this article are based on several reports
from our laboratories [8-12].

The Sperm Acrosome: Formation and Contents

The acrosome and its contents play an important role at the site of sperm-egg (zona)
binding during the fertilization process. Clinical studies have identified a distinct group of
men whose infertility is associated with abnormal acrosome reaction [13], a complex process
involving exocytosis of acrosomal contents [3,14]. The acrosome is formed during
spermiogenesis and represents one of the defining features of the sperm development in the
testis. After meiosis is completed, the nondividing haploid round spermatids begin to transfer
into a uniquely shaped spermatozoon, a process that is completed in 12-14 days. The Golgi
complex at an early stage of spermiogenesis (round spermatid) consists of a prominent
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system of closely packed tubules and vesicles localized close to one of the poles of the
nucleus. Some of these vesicles enlarge and become filled with newly synthesized
glycoprotein components. These vesicles migrate and empty their glycoprotein-rich contents
into the forming acrosome [15]. Glycoprotein synthesis and transport to the acrosome is quite
active during early stages of spermiogenesis and continues until late spermiogenesis. There
are several published reports demonstrating that the acrosomal glycohydrolases are first
expressed in late spermatocytes [9,11,16]. Whether the antigens destined for various regions
of the acrosome are tagged with specific signals for transportation and packaging is not yet
known.

The formation and evolution of the acrosomic system of the rat take place during four
distinct phases of spermiogenesis [for review see reference 3]. First, during the Golgi phase,
numerous proacrosomic granules are formed from trans-Golgi stacks and accumulate in the
medullary region. The small proacrosomic granules fuse with each other to form a single
large acrosomic granule that establishes close contact with the nuclear envelope. Second,
during the cap phase, the spherical acrosomic granule enlarges by the addition of newly
synthesized incoming glycoproteins from the Golgi apparatus. The developing acrosomic
granule grows and flattens over the surface of nucleus. The region of the nucleus that is in
contact with the enlarging acrosome vesicle is characterized by a thin layer of condensed
chromatin just beneath the nuclear membrane. Third, during the acrosomal phase, the dense
acrosomic granule applies itself to the inner acrosomal membrane and becomes
hemispherical. This structure remains distinct throughout the fourth and final maturation
phase of spermiogenesis and represents the acrosome proper [3]. The acrosome membrane
close to the nuclear envelope is termed the inner acrosomal membrane, whereas the
membrane surrounding the acrosomal contents and underlying the sperm plasma membrane is
termed the outer acrosomal membrane. The acrosome is quite variable among species,
ranging from an skull-cap (spatulate) shape in man to a sickle-shape in rodents [3,14,17].

Table 1. Glycohydrolase Activities Present in Mammalian Sperm Acrosome

Enzyme Sugar linkage ?
Hyaluronidase (GIcNAc-Gluc)n

a -L-Fucosidase Fuc-GIcNAc

a -D-Galactosidase Gal-Gal

B -D-Galactosidase Gal-GIcNAc

B -D-Glucuronidase Gluc-GIcNAc

B -N-Hexosaminidase GIcNAc-(Gal)GalNAc
a -D-Mannosidase Man-Man

B -D-Mannosidase Man-GIcNAc
Neuraminidase NANA-(Gal)GalNAc
Aryl sulfatases A, B and C Sulfates

® GIcNAc, N-acetylglucosamine; Gluc, glucuronide; Fuc, fucose; Gal, galactose
GalNAc, N-acetylgalactosamine; Man, mannose, NANA, N-acetylneuraminic acid.
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In earlier studies, our group reported immunolocalization of B-D-galactosidase and p-D-
glucuronidase, two of the several glycohydrolases thought to be present in the sperm
acrosome (Table 1). In addition to glycohydrolases, the acrosome contains proteinases,
esterases, sulfatases, phosphatases, and phospholipases. These enzymes have been described
in sufficient details in earlier publications [14,18] and will not be repeated here. Thus, the
acrosome, formed during the early stage of spermiogenesis, resembles the cellular lysosome,
a bag-like structure which normally functions in intracellular digestive and defensive
mechanisms [19]. However, the two organelles are considered different. Because of its
exocytotic properties, the acrosome is considered more like a secretory granule. Its important
features as reported by Burgess and Kelly [20] are: (i) the secretory contents are stored over
an extended period of time and are present in a concentrated form; (ii) the contents form a
dense structure surrounded by an inner and outer acrosomal membrane; and (iii) the organelle
undergoes exocytosis as a result of an extracellular stimulus.

After several decades of intensive research, investigators are beginning to understand the
complex nature of the fully developed acrosome [for review see reference 3]. Accumulated
evidence from several laboratories suggests the involvement of cytoskeletal domains such as
actin, calmodulin, and a-spectrin-like antigens in the organization of the acrosome. In
addition, the organelle contains filamentous structures primarily associated with the outer
acrosomal membrane. However, the biological significance of the filamentous structures in
the acrosomal organization or its function is not yet known.

Potential Role of Acrosomal Enzymes in Sperm Function

It is noteworthy that over four decades ago, de Duve proposed that penetration of
vestments surrounding the egg may be mediated by the release of hydrolytic enzymes from
the sperm acrosome during the acrosome reaction [19]. Although the precise role of the
acrosomal enzymes is not yet known, the hydrolytic action of glycohydrolases and
proteinases released at the site of sperm-egg (zona pellucida) binding, along with the
enhanced thrust generated by the hyperactivated beat pattern of the spermatozoon bound to
the egg, are important factors that regulate the penetration of the egg [21]. These enzymes
could also be functional in capacitated spermatozoa (see below).

Spermatozoa penetrate the ovulated egg consisting of an oocyte surrounded by cumulus
cells in an extracellular matrix (oocyte-cumulus complex). The matrix is primarily composed
of hyaluronic acid covalently attached to a protein backbone [14]. The hyaluronic acid is a
polymer composed of repeat disaccharide units containing glucuronic acid and N-
acetylglucosamine in p1,3-linkage [14]. Each disaccharide unit in the polymer is attached to
the next by B1,4-linkage forming alternate f1,3- and B1,4-linkages. The polymer, covalently
linked to the protein backbone, participates in maintaining the level of hydration within the
cumulus cells. The carboxyl groups in hyaluronic acid are completely ionized, and the
polymer has a net negative charge at physiological pH. This property enables the acid to
become soluble in aqueous medium forming an extremely viscous solution.

The enzyme hyaluronidase catalyzes the hydrolysis of p1,4-linkages in the hyaluronic
acid [14]. Other hydrolytic enzymes, such as p-D-glucuronidase and N-
acetylglucosaminidase may aid in the process of dispersion of the cumulus mass by further
hydrolyzing disaccharide chains into monomeric units. Several other acrosomal
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glycohydrolases and proteinases have been implicated in the passage through the cumulus
matrix. These include B-D-galactosidase [22], arylsulfatases [23,24], and acrosin [25]. Any
reasonable hypothesis suggesting a role for the acrosomal enzymes in the hydrolysis and
dispersion of the cumulus mass must include a possible mechanism(s) by which the
hydrolytic enzymes could be present on the surface of the acrosome-intact spermatozoa so
that they can react with their substrates on the cumulus oophorus. Interestingly, epididymal
luminal fluid and seminal fluid are rich in most of the hydrolytic enzymes [26,27]. Thus, one
likely possibility is that these enzymes tightly bind to the sperm surface during epididymal
transit and ejaculation and remain bound during interaction of spermatozoa with the cumulus
mass in the oviduct. A second possibility is that the hydrolytic enzymes present in the
acrosome diffuse during capacitation and are exposed on the sperm surface during sperm-
cumulus interaction (see below). Alternatively, some of the capacitated spermatozoa may
undergo spontaneous acrosome reaction releasing the acrosomal contents (hydrolytic
enzymes, proteinases, etc.). These powerful enzymes could disperse the cumulus cells
allowing the acrosome-intact spermatozoa a clear passage through the cells.

Characteristics of Acid Glycohydrolases

Since acrosomal contents are thought to aid in the penetration of vestments surrounding
the egg [19], an understanding of these contents is important and may lead to new strategies
to regulate the sperm function. The acrosomal glycohydrolases, like the lysosomal
glycohydrolases, have a high substrate specificity and will not hydrolyze even a closely
related glycosidic linkage(s). These enzymes catalyze hydrolytic cleavage of terminal sugar
residues from the glycan portion of glycoproteins and glycolipids [28], and are named on the
basis of the sugar residue they cleave. Thus, a galactosidase will hydrolyze only a galactosyl
residue(s), whereas a mannosidase will cleave only a mannosyl residue(s). Under in vivo
circumstances, the hydrolytic enzymes function sequentially in such a way that the product of
the first enzymatic cleavage becomes the substrate for the next enzyme [3].

The mechanism of action of glycohydrolases is thought to follow the model advanced for
the lysozyme. In this model, there are two carboxylic acid moieties in the active site: one
ionized and the other proteinated [29]. The former moiety is thought to stabilize the resulting
oxocarbonium ions, either by ion pair interaction or by covalent binding, whereas the latter
moiety facilitates departure of the cleaving group. Thus, the catalytic mechanism of all
hydrolytic enzymes is the formation of an enzyme: substrate (i.e., enzyme: sugar)
intermediate before the cleavage of the glycosidic bond and the release of the terminal sugar
residue.

The sperm acrosome and cellular lysosomes contain several acid glycohydrolases with
similar catalytic and immunological properties. There is a vast literature on the biosynthesis
and targeting of glycohydrolases in the somatic cell lysosomes. The series of studies leading
to the search for both the recognition markers on lysosomal glycohydrolases and the receptor
for these enzymes have been reviewed before [3,30-33] and will be discussed briefly. The
lysosomal glycohydrolases have both the anionic and carbohydrate recognition marker
demonstrated to be mannose 6-phosphate (Man6-P). The formation of Man6-P on
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glycohydrolases involves an a-N-acetylglucosamine 1-phospho-6-mannose diester generated
by direct transfer of GIcNAc-1-phosphate from UDP-GICNAc to mannose(s) on protein-
linked oligosaccharide, without involvement of a lipid-linked intermediate. As the
glycohydrolases pass through the Golgi membranes, the GIcNAc-1-phosphate on high
mannose oligosaccharide is hydrolyzed by Golgi N-acetylglucosamine 1-phosphodiester a-N-
acetylglucosaminidase, exposing Man6-P residues [31,32]. Enzymatic removal of the
GIcNAc residues from glycohydrolases involves a glycosidase rather than a
phosphodiesterase.

The newly synthesized glycohydrolases are transported (targeted) to lysosomes by virtue
of the exposed Man6-P ligand which is recognized by two types of Man6-P receptors; one a
215-kD cation-independent (CI) and the other a 46-kD cation-dependent (CD). The two
receptors are transmembrane glycoproteins localized in the trans-Golgi network. The Man6-P
ligand(s) provides recognizable signal for the CI/CD receptors which bind to the newly
synthesized glycohydrolases, package them and segregate them into transport vesicles. The
specific transport vesicles bud off from the trans-Golgi-associated membranes (transport
vesicles), fuse with the late endosomes (prelysosomal structures) and deliver their newly
synthesized enzymes to the lumen of these organelles. The affinity of the receptors for the
phosphorylated oligosaccharides on the glycohydrolases is higher at pH 7.0 in the trans-Golgi
network, and low at pH below 5.0, which is the pH in the lumen of the late endosomes. Thus,
when transport vesicles fuse with the acidic prelysosomal structures, the glycohydrolases
dissociate from the receptor, leaving them in the acidic vesicles while the released Man6-P
receptor(s) recycles back to the trans-Golgi network for reuse [33].

A published report from our laboratory demonstrated the presence of B-D-glucuronidase,
a glycohydrolase present in the lysosomes and microsomes of several somatic cells [9], in the
Golgi membranes, Golgi-associated vesicles, and lysosome-like multivesicular structures in
the late spermatocytes and early spermatids (see below). This distribution was not surprising
since the germ cell enzyme, like somatic cell glycohydrolases, is likely phosphorylated and
transported to the lysosome-like structures in the late diploid (pachytene spermatocytes) and
early haploid (round spermatids) cells. Furthermore, the enzyme was localized in the
forming/formed acrosome during spermiogenesis and exhibited similar lysosomal (L) form in
spermatocytes, round spermatids, and condensed/elongated spermatids [9]. These data, and
the fact that mouse germ cells have been reported to contain CD and Cl Man6-P receptors
[34], strongly suggest that spermatocytes and spermatids synthesize p-D-glucuronidase (and
other glycohydrolases) which undergoes similar post-translational processing before being
transported to either the lysosome or the forming acrosome by virtue of these receptors, as
has been suggested [34]. This suggestion is consistent with other studies demonstrating that
a-L-fucosidase [35] and B-D-galactosidase [11], two other glycohydrolases, synthesized in
the spermatocytes and round spermatids have identical molecular mass. Additional studies on
other glycohydrolases as well as Man6-P receptors in spermatogenic cells are needed and will
provide insights into the targeting of these enzymes and biogenesis of the acrosome.

Accumulated evidence also suggests that some of the acrosomal antigens may not use the
typical Golgi apparatus pathway described above to reach the organelle [36,37]. It should
also be noted that several intra-acrosomal antigens have been reported to undergo
modifications inside the acrosome. The growing list includes B-D-galactosidase [38], a-L-
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fucosidase [35], proacrosin-acrosin [39], SP-10 [40] and acrogranin [41]. Proacrosin-acrosin,
a trypsin-like serine protease, is an acrosomal component. Proacrosin, the enzymatically
inactive high molecular weight precursor form undergoes proteolytic processing into acrosin,
an enzymatically active low molecular weight mature form in the spermatozoa of several
species including rabbit [42], boar [43], human [44], and rat [39]. In the guinea pig
spermatozoa, the reduction in the size of proacrosin has been demonstrated to be due to the
processing of glycan moieties [41]. These data imply that most acrosomal antigens are
synthesized as precursors that undergo modifications in the acrosome during sperm
development in the testes and/or sperm maturation in the epididymis. These modifications are
essential part of the maturation process before spermatozoa can capacitate, bind to the zona-
intact egg, undergo the acrosome reaction, and fertilize an egg.

B-D-Glucuronidase: Biochemical Characterization and Immunolocalization
in Mouse Testicular Germ Cells and Spermatozoa

B-D-glucuronidase is one of the most extensively studied glycohydrolases. It is present in
all mammalian tissues examined, including male reproductive tissues [45] and spermatozoa
[9]. The sperm-associated enzyme, along with other glycohydrolases, is thought to be
localized in the acrosome and cytoplasmic droplets. The enzyme has long been of particular
interest because of its dual localization, being present in the lysosomes and endoplasmic
reticulum of several rodent tissues [46-48]. The lysosomal form (L form) of the enzyme
purified from the rat [46] and mouse [47] liver and rat preputial gland [48] is a
homotetrameric glycoprotein of an apparent molecular mass 280-kD. The microsomal form
(M form) in mouse tissues consists of four forms (M1-M4) that correspond to non-covalent
complexes formed between the proenzyme (X form) and one to four molecules of egasyn, a
64-kD glycoprotein with carboxyl esterase activity. The esterase active site of the egasyn
interacts with the exposed carboxyl terminus of the X form of B-D-glucuronidase, forming
the enzyme: egasyn complexes that are retained in the lumen of the endoplasmic reticulum
[49].

Although B-D-glucuronidase has been extensively studied in somatic cells, our
understanding of its expression, properties, and the localization of various molecular forms in
testicular germ cells and spermatozoa is very limited. Since the enzyme, along with other
glycohydrolases, may be important in sperm function, it was of interest to characterize and
immunolocalize the enzyme in spermatogenic cells and spermatozoa. In the first part of this
article, we describe procedures to: 1) characterize the molecular form(s) of the enzyme
present in mouse testicular germ cells; and 2) examine its localization in the spermatogenic
cells and cauda epididymal spermatozoa.

Isolation of Mouse Testicular Germ Cells and Cauda Spermatozoa:
Preparation of their Extracts for Biochemical Studies

Adult male mice (C57BL/6J strain) from Harlan Industries, Inc. were sacrificed by CO,
asphyxiation and perfused through the left ventricle with Enriched Kreb-Ringers Bicarbonate
(EKRB) buffer to clear blood from the testes. Twenty testes, free of epididymis and fat pads,
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were detunicated and the seminiferous tubules were dispersed by enzymatic digestions as
described [9]. Briefly, testes were mixed with 60 ml of collagenase solution (0.5 mg
collagenase/ml EKRB), and the mixture was incubated for 20 min at 33°C in the presence of
5% CO; in air. The exposed seminiferous tubules were washed with 15 ml of EKRB buffer (3
washes) and subjected to trypsin (0.25 mg/ml EKRB) and DNase (0.5 pg/ml EKRB)
treatment for 15 min at 33°C as above. The resulting cell suspension was made homogeneous
by gentle pipetting for 3-5 min and the enzyme treatment was stopped by the addition of
trypsin inhibitor solution (0.25 mg/ml EKRB). The released cells were filtered through a 70-
um nylon mesh and the filtered cells centrifuged (400 g for 5 min). The pelleted cells were
washed by gentle suspension in 10 ml EKRB buffer and centrifugation as above (2 washes),
and the washed cells were suspended in 20-25 ml of EKRB buffer containing 0.5% bovine
serum albumin (BSA). The cells were counted using a hemocytometer and subjected to
separation by unit gravity sedimentation on a Staput sedimentation chamber as below.

The cell separation was carried out at 4°C for a total of 4 hours beginning from the
loading of the cells to the sedimentation chamber and the collection of the last fraction. The
sedimentation chamber was initially loaded from the bottom through the cell-loading syringe
with ~50 ml of EKRB buffer to a level just above the baffle. The EKRB buffer should
completely fill the tubing leading from the syringe without any air bubbles. An aliquot
containing 3-5 x 10® germ cells, suspended in the EKRB buffer supplemented with 0.5%
BSA, was loaded through the syringe in the sedimentation chamber at a flow rate of 10
ml/min. Immediately after introducing the cell suspension, the chamber was filled with 1200
ml of a linear BSA gradient (2-4%) in the EKRB buffer at a flow rate of 10 ml/min adjusted
with the T-valve and later increased to 40 ml/min. After the gradient loading was completed,
the micrometering valve was closed and the cells were allowed to sediment. After 2 h and 40
min at 4°C, fractions (10 ml) were collected in disposable polystyrene tubes (17 x 100 mm) at
a rate of 40-42 sec per tube. The tubes were centrifuged (400 g for 5 min) and the top 9 ml of
the supernatants were aspirated, leaving ~1 ml in each tube. The presence of cells was
confirmed by the appearance of the cell pellet and their quality and quantity assessed by
examining cells in every fourth or fifth fraction using phase-contrast microscopy (Figures 1
and 2). Spermatocytes, which are the largest spermatogenic cells, were collected first
followed by round spermatids of intermediate size and then condensed/elongated spermatids.
The residual bodies were found only in the last few fractions. The fractions rich in
spermatocytes, round spermatids, and condensed/elongated spermatids were pooled
separately (Figure 1), washed with EKRB buffer and photographed using Nomarski
differential interference contrast optics (Figure 2).

Three critical steps during cell separation are important that will have an effect on the
purity of cells. First, loading of the mixed cells to the sedimentation chamber and the
formation of a linear BSA gradient are important steps, and should be followed carefully.
Second, the sedimentation time is very critical and should be established in a few preliminary
runs. Finally, any vibrations to the sedimentation chamber during cell separation should be
avoided to obtain reproducible results.

Mouse cauda epididymal spermatozoa were obtained by retrograde flushing through the
vas deferens with 10 mM potassium phosphate buffer (pH 7.4) containing 0.15 M NaCl
(PBS) and 25 mM benzamidine, an inhibitor of serine protease [9]. The collected fluid was
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centrifuged at 500 g for 10 min and the pelleted spermatozoa were suspended in the desired
buffer for biochemical or immunocytochemical studies.

For the preparation of germ cell or sperm extract, the pelleted cells were suspended in
PBS containing 25 mM benzamidine, and 0.2% Triton X-100 (v/v). The cell suspension was
sonicated (2 x 15s) in a Fisher sonicator set at position 40, and centrifuged at 105,000 g for
30 min in a Beckman Ultracentrifuge at 4°C. The supernatant was removed by aspiration and
the residue was extracted one more time by suspending in a small volume of the extraction
buffer, followed by sonication and centrifugation as above. The combined supernatant,
containing over 95% of the total B-D-glucuronidase activity present in a given cell
suspension, was designated as cell extract and used for biochemical studies.
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Figure 1. The sedimentation profile of mouse testicular germ cells following unit gravity sedimentation
on a linear BSA gradient. Fraction (10ml) were collected from the bottom and their composition was
examined using phase-contrast microscopy. The fractions were pooled as follows: spermatocytes (SC),
fractions 35-57; round spermatids (RS), fractions 73-83; condensed spermatids (CS)/ elongated
spermatids (ES), fractions 84-92; residual bodies (RB). Other details are in the text. Reproduced from
Abou-Haila et al.[9] with permission.

Characterization of S-D-Glucuronidase Activity in Germ Cells

Highly enriched germ cell (>90% pure spermatocytes, round spermatids and
condensed/elongated spermatids) populations were assayed for B-D-glucuronidase activity
using published procedure [9]. Data presented in Table 2 demonstrate the presence of B-D-
glucuronidase activity in the germ cell preparations. Interestingly, the spermatocyte-enriched
fraction contained five times more enzyme activity per cell than the spermatid-enriched
fractions. These data are consistent with our published studies in rat testicular germ cells (see
below) which show that most glycohydrolase activities are 2 to 3 -folds higher in diploid cells
than haploid cells [11]. Combined, the studies provided evidence suggesting that sperm-
associated B-D-glucuronidase and other glycohydrolases are first expressed in the diploid
spermatogenic cells.
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Figure 2. Microscopic appearance of spermatogenic cells prepared from mouse testes. A, mixed cells
obtained after enzymatic disruption of the testes; B, spermatocytes; C, round spermatids; and D,
condensed/elongated spermatids. Aliquots from the mixed cells (A) or enriched germ cells (B-D) were
photographed using Nomarski differential interference contrast optics. Other details are in the legend to
Figure 1. Reproduced from Abou-Haila et al. [9] with permission.

Table 2. g -D-Glucuronidase Activity in Mouse Testicular Germ Cells #

Cells® Enzyme activity
(units/10° cells)

Spermatocytes 2.32

Round spermatids 0.45

Condensed/elongated spermatids 0.49

The testicular germ cells released by enzymatic disruption of mouse testis were separated on a Staput
cell separator. Fractions rich in spermatocytes, round spermatids and condensed/elongated spermatids
were separately pooled.

® The purity of pooled fractions was examined by phase contrast microscopy (see Fig. 2). The cell
purity was spermatocytes > 95%, round spermatids > 87% and condensed/elongated cell composition
was condensed 94% and elongated 6%.

©Values are averages of two separate experiments.

Since some mouse tissues contain several molecular forms of pB-D-glucuronidase (see
above), attempts were made to characterize various forms present in the enriched germ cell
extracts using 2D-gel electrophoresis carried out under non-denaturing conditions. The
extracts were resolved by isoelectrofocusing in the first dimension, followed by gel
electrophoresis in the second dimension using the Phast System (Pharmacia LKB
Biotechnology, Inc.) as described [9,45]. The gels when stained for B-D-glucuronidase
activity showed that the three cell preparations (spermatocytes, round spermatids, and
condensed/elongated spermatids) contained a similar form of the enzyme with a broad
isoelectrofocusing point (pl 5.5-6.0), which migrated between the two standard markers of
the molecular mass 440- and 232-kD [9]. Furthermore, when the enzyme was
immunoprecipitated from the pooled spermatogenic cell extract and resolved by sodium
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dodecyl sulfate (SDS)-PAGE under denaturing conditions (Laemmli's buffer), it revealed the
presence of a single diffuse band with an apparent molecular mass of 74- kD. Taken together,
these data are consistent with our suggestion that the spermatocytes (diploid cells) and
spermatids (haploid cells) contain only one form of B-D-glucuronidase.

Two lines of evidence strongly suggested that this form is the L form. First, when the
purified germ cell extracts were resolved by 2D-gel electrophoresis, the enzyme, like the L
form in other tissues, had a broad isoelectrofocusing point in the pH range 5.5 to 6.0 and
separated between standard proteins of apparent molecular mass 232- and 440-kD [9].
Second, when the germ cell B-D-glucuronidase was immunoprecipitated and resolved on
SDS-PAGE, the subunit resolved as a diffuse (broad) band of an apparent molecular mass 74-
kD, a value identical to the molecular mass of the L form present in the proximal epididymis
[45]. Since the lysosomal form in other tissues is a glycoprotein [46-48], it is reasonable to
suggest that an extensive microheterogeneity in sugar residues contributes to the broad
isoelectric point and the presence of diffuse subunit of the germ cell B-D-glucuronidase.

The presence of only the lysosomal "L" form of B-D-glucuronidase in the spermatocytes,
round spermatids, and condensed/elongated spermatids suggests that the diploid and haploid
cells synthesize and process only the L form of the enzyme that undergoes similar post-
translational processing before being transported to the forming acrosome. This suggestion is
consistent with an earlier study demonstrating that the a-L-fucosidase, an exo-glycohydrolase
that cleaves a-linked fucosyl residues from glycopeptides/glycoproteins, synthesized in rat
spermatocytes or spermatids had an identical molecular mass [35].

In summary, the biochemical approaches demonstrate that B-D-glucuronidase is
expressed in primary spermatocytes (diploid) and round spermatids (haploid). These cells
express only the lysosomal "L" form of the enzyme, a homotetramer with an apparent subunit
molecular weight of 74-kD. The enzyme present in the diploid and haploid cells has similar
kinetic properties. These similarities allow us to suggest that these cells synthesize only the
"L" form of the enzyme which undergoes similar post-translational processing before being
transported to the forming acrosome [9].

Immunolocalization of S-D-Glucuronidase in the Mouse Spermatogenic Cells
and Spermatozoa

B-D-glucuronidase is an acid glycohydrolase and is thought to be present in the sperm
acrosome. However, the enzyme has never been localized. In fact, very few acid
glycohydrolases have been studied in germ cells and spermatozoa using
immunohistochemical procedures because very few high titer antibodies are available to
approach these studies. In preliminary studies, we examined the cross-reactivity of the p-D-
glucuronidase activity present in spermatogenic cells and spermatozoa using affinity purified
or monospecific anti-rat preputial gland B-D-glucuronidase 1gG [9]. Data from these studies
demonstrated that the enzyme present in these cells is antigenically similar to that of the rat
preputial gland B-D-glucuronidase. The cross-reactivity of the antibody with the mouse
spermatogenic cells and sperm B-D-glucuronidase allowed us to use the antibody for
immunolocalization studies. These preliminary studies also indicated that only the IgG
purified on an immobilized B-D-glucuronidase column (monospecific 1gG) was effective in



Immunolovalization and Biosyntheses of Acid Glycohydrolases ... 73

immunolocalizing the enzyme on the methanol-permeabilized spermatozoa. Thus, all
immunolocalization studies reported here were done using the monospecific IgG.

First, we examined the binding of the preimmune or monospecific 1gG to the mouse
cauda epididymal spermatozoa using indirect immunofluorescence microscopy. This was
done with washed spermatozoa before (live sperm) or after permeabilization with -20°C
methanol. Since data from these studies have been presented in our original report [9], they
will be described briefly. The mouse sperm treated with preimmune 1gG (9 pg 1gG
protein/ml) showed very light staining in the postacrosomal region and the midpiece (non-
specific staining) before or after permeabilization. Similarly, the live sperm treated with
immune IgG showed intense staining on the midpiece (non-specific). In contrast, the
permeabilized sperm incubated with the immune IgG fraction followed by diluted secondary
antibody (FITC-labeled anti-rabbit goat 1gG) showed positive staining in the acrosomal
(dorsal side of the sperm head) region. The cytoplasmic droplets revealed light
immunopositive reaction only in the permeabilized sperm.

The acrosomal localization was confirmed by electron microscopy carried out in the
mouse cauda epididydmal sections. Immunopositive reaction was revealed in the epithelial
cells (data not included) as well as the intra-acrosomal region of the spermatozoa as evident
by the presence of gold particles only when the immune 1gG was used (compare Figure 3A vs
Figure 3B). The gold particles were present in the acrosomal head cap, but not in the
equatorial segment. In addition, very few particles were visible within the contents of the
cytoplasmic droplets (Table 3). The last result is in agreement with the biochemical studies
indicating the presence of glycohydrolase activities in the cytoplasmic droplets from various
species [50,51].

Figure 3. Distribution of B-D-glucuronidase in mouse cauda epididymal spermatozoa incubated with
preimmune (A) or monospecific (B) IgG. Note the presence of gold particles in the acrosomal head cap
(convex dorsal face of the sperm head) in B. The equatorial segment (arrow) has no gold particles.
Original magnification x 40,000. Reproduced from Abou-Haila et al [9] with permission.

As stated above, the B-D-glucuronidase seen in the sperm acrosome is synthesized and
transported to the organelle during spermatogenesis. It was, therefore, of interest to examine
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its localization during sperm development in the testis. This was done using preimmune or
monospecific (immune) IgG in three different protocols. In preliminary studies, we examined
the binding of preimmune/immune 1gG (9 or 12 pg 1gG protein/ml) to the somatic and germ
cells present in paraffin sections of the mouse testis using immunoperoxidase method [9].
Somatic cells (Leydig and Sertoli cells) revealed immunopositive reaction with both
concentrations of the immune 1gG. In contrast, the late spermatocytes (pachytene
spermatocytes) and early round spermatids showed immunopositive reaction in the Golgi
region only when the higher concentration of the immune IgG and longer incubation
conditions were used. However, the nonspecific background staining under these conditions
was higher, which made interpretation rather difficult.

In the next set of experiments, we examined the binding of preimmune/immune 1gG to
the mixed or purified germ cell populations using indirect immunofluorescence microscopy.
The cells revealed immunopositive reaction only when they were permeabilized and immune
IgG was used as the primary antibody. Details from this approach are presented in our
original article [9] and will be summarized in this report. Briefly, the spermatocytes (diploid
cells) and early round spermatids (haploid cells stages 2-4) revealed strong immunopositive
fluorescence in small granules disseminated within the cytoplasm. In addition, some
spermatids displayed intense immunofluorescent spherical granules that likely correspond to
the formation of the acrosome. At the later stages of spermiogenesis (stages 5-8), the number
of fluorescent granules decreased and an intensely fluorescent cap-like structure appeared at
one pole of the round spermatids. In some of these cells, depending on their orientation, the
acrosomal cap was visible as two fluorescent rings. As the spermiogenesis continued (stages
9-16), the intense immunofluorescent reaction became confined to a distinct sickle-shaped
structure, the forming/formed acrosome. The residual bodies were also intensely
immunopositive (Table 3).

Immunoelectron microscopy was the final approach to localize f-D-glucuronidase within
the germ cell organelles. Data from this approach described in our original report [9] are
summarized below. The Golgi stacks and associated vesicles as well as the lysosome-like
structures in the pachytene spermatocytes were immunopositive as evident by the presence of
gold particles. The immunolabeling was more intense in the Golgi-associated vesicles of
round spermatids. The acrosomal vesicles and the acrosomal cap showed significant
immunolabeling. The reaction was uniformly distributed within the acrosome of
condensed/elongated spermatids. In the later stage of sperm formation, the immunopositive
reaction was confined to the acrosomal head cap (see Figures 9F, G in reference 9).

Our data demonstrate that B-D-glucuronidase is present in the Golgi apparatus and
lysosome-like structures of the late spermatocytes and early round spermatids (Table 3). As
spermatogenesis continued, the lysosome-like structures likely corresponding to the
multivesicular bodies described by Clermont and Tang [15] disappear. Their disappearance
coincided with the appearance (development) of the acrosome, an observation consistent with
our suggestion that the lysosome-like structures (multivesicular bodies) either fuse or empty
their contents into the forming acrosome. There was no evidence of compartmentalization of
the enzyme in the acrosomal cap of the forming/formed acrosome since the gold particles
were seen uniformly distributed throughout the region (see Figure 9 in reference 9).
However, in the final stage of the testicular sperm formation, the enzyme was confined to the
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head cap of the sickle-shaped acrosome. There was no immunopositive reaction in the
equatorial segment of spermatozoa, a result consistent with an earlier report indicating that
acrosin, a trypsin-like proteinase, is localized in the rostral (but not the equatorial) segment of
spermatozoa [52].

Table 3. Immunolocalization of p -D-Glucuronidase and p -D-Galactosidase in
Spermatogenic Cells and Spermatozoa

Cell-Type Structures Procedures
IP IF IG
Spermatocytes Golgi stacks + + +
Golgi-associated vesicles NI NI +
Lysosome-like-structures + + +
Round spermatids Golgi stacks + + +
Multivesicular bodies NI + +
Acrosomal vesicles + + +
Elongated spermatids Sickle-shaped acrosome + + +
Residual bodies + + +
Spermatozoa Acrosome + + +
Cytoplasmic droplets ND + +

Details are described in our published reports [9-11].
IP: immunoperoxidase; IF: immunofluorescence; 1G: immunogold;
NI: not identified; ND: not determined.

Characterization, Immunolocalization, and Biosynthesis of 3-D-
Galactosidase in Rat Spermatogenic Cells and Spermatozoa

B-D-galactosidase is another exo-glycohydrolase which cleaves terminal B-galactosyl
residues from glycoproteins and glycolipids [19,22,27,28,38]. The enzyme is present in all
mammalian tissues examined, including male reproductive tissues [27,38,53,54] and
spermatozoa [10,11,22,38]. It is present in a latent form in lysosomes [55,56] and in soluble
forms in body fluids, including serum [57] and epididymal luminal fluid [27,58]. The soluble
enzyme in the luminal fluid occurs in two molecular forms of 97-kD and 84-kD [58]. The two
forms have identical or very similar polypeptide backbone of 70-kD; however, the 97-kD
form was shown by our group to contain much more total carbohydrate and sialic acid than
the 84-kD form [58]. Both isoforms optimally cleave a synthetic substrate (p-nitrophenyl
[PNP] B-D-galactopyranoside) at acidic pH and two glycoprotein substrates ([*H]gal-fetuin
and [*H]gal-ovomucoid) at neutral pH [58]. The last finding suggests that the two isoforms
will be functional within the physiological pH of the epididymal lumen believed to be 6.6-6.8
[59]. Evidence presented in earlier reports strongly suggests that the epididymal luminal fluid
B-D-galactosidases have a role in the modification of sperm plasma membrane glycoproteins
during epididymal maturation of spermatozoa [27,58].

Sperm-associated glycohydrolases are thought to be present in the acrosome and
cytoplasmic droplet. Relatively few antibodies have been generated against glycohydrolases
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that are suitable for examining low levels of enzymes present in spermatogenic cells and
spermatozoa. Thus, our understanding on the biosynthesis of acrosomal glycohydrolases is
very limited. Since testicular germ cells are not suitable for long-term culture, studies on
transport of the acrosomal components have relied on ultrastructural studies. Data have
provided evidence suggesting that, like the lysosome formation, the assembly of an acrosome
during spermiogenesis involves transport of newly synthesized antigens through the Golgi
apparatus via coated vesicles before they are delivered to the forming acrosome [60].

Although pB-D-galactosidase has been extensively studied, our understanding of its
expression, properties, and the localization of various molecular forms in rat spermatogenic
cells and spermatozoa is very limited. Since the enzyme, along with other glycohydrolases,
may be important in mammalian fertilization [22], the aims of the studies presented here were
to: 1) use immunocytochemical approaches to examine its localization in spermatogenic cells
and spermatozoa; and 2) examine its synthesis and processing in the purified spermatogenic
cells. Immunocytochemical approaches indicate that p-D-galactosidase is localized in the
sperm acrosome and cytoplasmic droplets. Biochemical studies included in this article
indicate that the enzyme, like other glycohydrolases studied, is first expressed in late
spermatocytes. Multiple biochemical as well as biosynthetic studies indicate that
spermatocytes and round spermatids contain several molecular forms of the enzyme, some of
them appear to be processed in a cell-specific manner.

Purification of S-D-Galactosidase, Production of Antiserum and Preparation of
Affinity Purified and Monospecific y-Globulin (IgG)

B-D-galactosidase (97-kD form) was purified to apparent homogeneity from rat
epididymal luminal fluid and used for the production of antiserum by immunizing a female
white rabbit by our published procedure [58]. Affinity purified polyclonal antibody (IgG
fraction) was prepared on a column of immobilized protein G (Pharmacia LKB
Biotechnology, Piscataway, NJ) using manufacturer's protocol as previously described [58].
The 1gG fraction was dialyzed against 50 mM Tris-HCI buffer, pH 7.5 containing 0.15 M
NaCl and concentrated (3-4 mg protein/ml) using Centricon 10 micro-concentrator from
Amicon (Beverly, MA). The monospecific IgG fraction was prepared by applying the anti-
serum to a column of immobilized B-D-galactosidase (immobilized on Sepharose 4B)
equilibrated with 50 mM Tris-HC1 buffer, pH 7.5 containing 0.15 M NaCl. The bound y-
globulin was eluted with the above buffer containing 7 M urea, followed by dialysis and
concentration as above. The affinity purified or monospecific antibodies were aliquoted, and
stored frozen at -75°C [58].

Rat epididymal pB-D-galactosidase used as a carrier (unlabeled) enzyme during
biosynthetic studies was partially purified from rat epididymis by acid and heat treatment
[61]. Briefly, epididymal homogenates (10%, wi/v) were prepared at 4°C in a solution
containing 0.1 M Tris-HCI buffer, pH 7.5, and 0.15 M NaCl by homogenizing for 50s with a
polytron homogenizer (Type PT 1020 3500; Brinkman Instruments, Westbury, NY) set at
position 5. Sodium deoxycholate was added to a final concentration of 0.5% to the vigorously
stirred homogenate to solubilize the lysosomal B-D-galactosidase. The pH of the homogenate
was lowered to 4.8 by adding 1 M acetic acid (0.06 ml/ml), and the mixture was heat treated
by incubation at 56°C for 30 min. Deoxycholate (which precipitated due to the acidic pH) and
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denatured proteins were removed by centrifugation (25,000 g for 30 min). The supernatant
was removed by aspiration, assayed for B-D-galactosidase activity using PNP-B-D-
galactoside substrate at pH 3.5. The partially purified enzyme (specific activity, 65 units/mg
protein) was concentrated to a small volume (~2 ml) using a microconcentrator, aliquoted (2
units/aliquot), stored frozen at -20°C, and used as a source of carrier (unlabeled) enzyme
[10,11].

Isolation of Spermatogenic (Germ) Cells from Rat Testes

The protocol consists of the: i) sequential enzymatic dissociation of seminiferous tubules
and epithelial cells of the testis, followed by ii) separation of germ cells by unit gravity
sedimentation on a continuous BSA gradient as above. The cells sedimented on the basis of
their size were removed by collecting fractions from the bottom of the gradient. The
procedure our group used was adopted from a published procedure for mice and rats [7], and
is similar to the one discussed above for mice. Since the method used for rats has been
discussed in two earlier publications [8,12], it will be summarized in this article. In brief, rats
(~ 8 weeks old) were killed by CO, asphyxiation. The testis along with the epididymis and fat
pad, was excised and perfused with the EKRB medium through the testicular artery. The
EKRB solution was prepared just before use by mixing stock solutions and the pH was
adjusted to 7.0-7.2 by bubbling with 5% CO, in air for 5-10 min as described [7,8]. The
perfused testes were excised and their contents (seminiferous tubules) released by a small
incision in the tunica albuginea. Mechanical dispersion of the seminiferous tubules is not
recommended since it causes the formation of multinucleated cells.

The seminiferous tubules were dispersed by enzymatic digestion (collagenase solution
1mg/ml EKRB) under 5% CO; in air for 20 min at 33°C in a shaking water bath operated at
120 cycles/min. The reaction was stopped by washing the exposed tubules with EKRB (3
washes). The washed tubules were subjected to trypsin (0.5 mg/ml EKRB) and DNase
(1pg/ml EKRB) treatment for 15 min at 33°C as described [8]. Cell aggregates that remained
after these treatments were made homogeneous by gently pipetting for 2-5 min. The reaction
was stopped by the addition of trypsin inhibitor (0.5 mg/ml EKRB) and the cell suspension
was filtered through a 70-um nylon mesh. The filtered cells were pelleted by centrifugation at
400 g for 5 min and the pelleted cells were washed by suspending in EKRB buffer containing
0.5% BSA and centrifugation as above (2 washes). The washed cells were suspended in 20-
25 ml EKRB containing 0.5% BSA. The yield of spermatogenic cells prepared from two
testes was usually ~ 7.5 to 9 x 10% as counted by a hemocytometer on a phase-contrast
microscope. Over 95% of the cells were viable as assessed by the exclusion of trypan blue.
Finally, the cells were allowed to sediment by gravity on a linear BSA gradient according to
the method of O’Brien et al. [7] as we have described in our earlier publications [8,11,12].
Fractions (10 ml) were collected, cells were sedimented by centrifugation (400 g for 5 min),
and their composition monitored by phase-contrast microscopy. The fractions rich in
spermatoytes (fractions 25-56); round spermatids (fractions 65-72); condensed/elongated
spermatids (fractions 84-99); and residual bodies (fractions 105-110) were pooled separately,
washed by suspending gently in EKRB and used for further studies. Other details with the
figure of the sedimentation profile of rat testicular germ cells following unit gravity
sedimentation can be found in our earlier publications [8,12].
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The unit gravity sedimentation procedure allowed us to obtain highly enriched (> 90%)
germ cell populations and residual bodies. The isolated germ cells and residual bodies were
assayed for B-D-galactosidase and four other acid glycohydrolase activities by our published
procedure [57] in the presence of 0.2% Triton X-100 to ensure that the cells were lyzed and
the PNP-glycoside substrates were in contact with the active site of the intracellular enzymes.
Data reported in Table 4 show the presence of all five enzyme activities. In the absence of the
detergent, the enzyme activities were 50-70% of these values. With the exception of a-L-
fucosidase activity which was similar in spermatocytes and round spermatids, the other four
glycohydrolase activities were two to three-fold higher in diploid cells compared to the
haploid cells. Furthermore, the sum of glycohydrolase activities present in
condensed/elongated spermatids and residual bodies nearly equals the amount present in the
round spermatids (Table 4). These data provided evidence indicating that sperm-associated
glycohydrolase activities are first expressed in the diploid (spermatocyte) germ cells.

Table 4. Glycohydrolase Activities in Rat Testicular Germ cells And Spermatozoa ?

Cells (milli units/10° Cells)

Enzyme ° sC RS CIES SP

B -N-Acetylglucosaminidase 31.0+27 7.4+0.2 43106 220.8+12.4
B -D-Galactosidase 124+29 6.6+0.4 3.7+0.6 435144

B -D-Glucuronidase 1.6+£0.2 08+0.1 05+0.1 24+0.2

a -D-Mannosidase 153+1.1 75+£05 43+0.2 18.1+1.0

a -L-Fucosidase 448+2.7 51.1+3.0 51.1+3.0 ND

The germ cells were prepared from the rat testes and spermatozoa from the distal cauda epididymidis
as described in our earlier publication [8]. Fractions rich in spermatocytes (SC), round spermatids (RS),
condensed/elongated spermatids (C/ES) were pooled (see Figure 1) and centrifuged (400 g/5min). The
pelleted cells were suspended in PBS (approximately 100 x 10° cells/ml) and used for enzyme assay.
Values are average of four separate experiments in triplicate with + standard deviation (SD).

®All enzymes were assayed using PNP-glycoside substrates.

ND, not determined.

Table 5. Apparent Km for Rat Spermatogenic Cell and Cauda Sperm p -D-
Galactosidase

Germ cell ® Km (mM) °
Spermatocytes 0.80
Round spermatids 0.82
Condensed/elongated spermatids 0.83
Residual bodies 1.02
Cauda spermatozoa 0.52

? Rat germ cells and residual bodies were prepared as described in the text. The purity of germ cells was
similar to the values reported in Table 4.

® Values reported were calculated from a linear double-reciprocal plot generated following substrate
concentration vs enzyme activity using PNP-galactoside as substrate at pH 3.5.
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B-D-galactosidase activities present in the spermatogenic cells and spermatozoa were
found to optimally cleave p-nitrophenyl-p-D-galactopyranoside (PNP-galactoside) at an
acidic pH of 3.5. The PNP-substrate concentration vs enzyme activity using enriched
populations of germ cells and the cauda epididymal spermatozoa generated a linear reciprocal
plot for all cells. An apparent Km calculated from various plots is presented in Table 5.

Localization of p-D-galactosidase in Rat spermatogenic cells and cauda
epididymal spermatozoa

B-D-galactosidase is an acidic glycohydrolase and was shown by our group to be
localized in the sperm acrosome and cytoplasmic droplets. Data from these approaches have
been published in two earlier articles [10,11] and are briefly summarized here: i) the cauda
epididymal spermatozoa treated with the preimmune IgG showed immunostaining on the
midpiece before or after permeabilization with methanol; ii) the non-permeabilized sperm
treated with the immune IgG showed nonspecific fluorescence on the midpiece; iii) in
contrast, permeabilized sperm treated with the immune 1gG revealed intense immunopositive
staining (fluorescence) mostly on the dorsal side (acrosome region) of the sperm head; iv)
most of the cytoplasmic droplets were detached from the spermatozoa and displayed intense
immunostaining; however, the very few cytoplasmic droplets still attached to spermatozoa
revealed light staining only when the cells were permeabilized. The presence of enzyme
within the sperm acrosome and cytoplasmic droplets was in agreement with biochemical and
morphological studies from several laboratories [10,11,50,51].

The acrosomal localization of B-D-galactosidase was further confirmed by electron
microscopy carried out on the rat cauda epididymal sections. The immunopositive reaction
was seen in the epididymal epithelial cells and in the intra-acrosomal region of the sperm
head as evident by the presence of gold particles only when the immune 1gG was used [11].
The gold particles were present in the acrosomal head cap, but not in the equatorial region, a
result similar to the localization of B-D-glucuronidase (see above).

As stated above, B-D-galactosidase and other glycohydrolases present in the acrosome
are synthesized and packaged in the organelle during sperm development in the testis. We,
therefore, examined the stage-specific localization of the enzyme during spermatogenesis.
The localization studies were attempted using light and electron microscopic approaches in
multiple ways. First, we examined the binding of the preimmune or immune IgG to the
somatic and germ cells present in paraffin sections of the rat testis using the
immunoperoxidase approach. Experimental details have been described in earlier reports [11]
and will not be repeated here. Data from this approach, summarized here show the following:
i) no immunopositive reaction was seen in the somatic (Leydig or Sertoli) or spermatogenic
cells when preimmune 1gG was used as the primary antibody; ii) however, an intense
immunopositive reaction was revealed in the Leydig cells and a moderate immunopositive
reaction was seen in the cytoplasm of Sertoli cells when the immune IgG was used as the
primary antibody. In the spermatogenic cells, immunopositive reaction was confined to
granules dispersed in the cytoplasm (around the nucleus) of the late spermatocytes as well as
the round spermatids; iii) the forming acrosome in the elongated spermatids was
immunopositive. In addition, an intense immunopositive reaction was seen in the residual
bodies present near the lumen of the seminiferous tubules (Table 3).



80 Daulat R.P. Tulsiani and Aida Abou-Haila

Next, we used the postembedding immunogold labeling protocol to localize the B-D-
galactosidase in the testicular sections, and the enzyme was visualized by the presence of
gold particles using electron microscopy. As expected, an intense immunopositive reaction
was seen in the lysosomes of the somatic cells. In spermatogenic cells, the enzyme was seen
in the late spermatocytes (pachytene spermatocytes) and round spermatids as evident by the
presence of gold particles in the Golgi apparatus and lysosome-like structures (Table 3). The
immunolabeling was obvious in the Golgi-associated vesicles of the early Golgi phase (stages
2-3) and in the floculent material surrounding the acrosomal granule [11]. The round
spermatids during the cap phase (stage 5) had intense immunolabeling in the head cap
extending over the nucleus and light labeling of the acrosomal granule. In addition, the
immunopositive reaction was seen in small vesicles dispersed over the outer acrosomal
membrane in the Golgi region. The gold particles were also present in the head cap of
elongating/elongated spermatids (stages 8-16) and became essentially confined to the
acrosomal cap of mature spermatids and cauda epididymal spermatozoa. This localization is
similar to B-D-glucuronidase (see above), another exoglycohydrolase which is localized in
the pachytene spermatocytes and round spermatids [9].

It is important to emphasize that immunocytochemical approaches are qualitative and
detect the antigen only when its local concentration is reasonably high. However, when the
antigen is present in low local concentration throughout the cell cytoplasm, the
immunopositive reaction may not be intense enough for the microscopic evaluation. In
addition, the preservation of the antigenic site(s) during tissue fixation is an important factor
that may have an effect on the intensity of the immunopositive reaction. Thus, it is reasonable
to suggest that a high titer antibody is needed to detect even low levels of glycohydrolases
(and other antigens) present in the testicular germ cells. We highly recommend to first
establish optimal conditions of antibody concentration and incubation time to determine non-
specific background staining. Also, samples (tissue sections or isolated germ cells) should be
incubated in the presence of immune IgG preabsorbed with an excess of the purified enzyme
to establish negative staining (negative controls).

Whether the germ cell glycohydrolases use Man6-P ligand pathway to be targeted to the
lysosomes and ultimately to the forming acrosome is not yet known. The presence of -D-
glucuronidase and B-D-galactosidase in the Golgi membranes, Golgi-associated vesicles, and
lysosome-like structures in spermatocytes and round spermatids suggests that the enzymes
are likely phosphorylated in the Golgi membranes and are recognized by two classes of
Man6-P receptors localized in trans-Golgi cisternae [31-33]. The facts that mouse germ cells
and Sertoli cells contain both the 215-kD CD and 46-kD CI Man 6-P receptors [34] and
bovine testes contain two glycosylation isoforms of the cation-dependent Man6-P receptor
suggest the potential involvement of these receptors in the segregation and targeting of newly
synthesized B-D-glucuronidase and (-D-galactosidase (and other glycohydrolases) to the
lysosomes/multivesicular bodies or the acrosome seen in the germ cells. To the best of our
knowledge, data included here and in the original reports [9,11] provided first evidence
suggesting that two acid glycosidases are present in the Golgi apparatus and Golgi-associated
vesicles in spermatocytes and spermatids. Studies are needed to examine the synthesis and
distribution of other glycohydrolases as well as Man6-P receptors in germ cells and may
provide additional insights into the biogenesis of the sperm acrosome.
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Characterization of Various Molecular Forms of f-D-galactosidase in the
Spermatogenic Cells

Since B-D-galactosidase occurs in several forms, attempts were first made to identify
various molecular forms of the enzyme in spermatocytes and round spermatids. This was
done by first partially purifying the enzyme from the germ cell extracts by affinity
chromatography on a column of immobilized p-aminophenyl-B-D-thiogalactopyranoside by
our published protocol [58]. Briefly, the spermatocyte or round spermatid extract in 2 ml of
ice cold 20 mM phosphate-citrate buffer, pH 4.3, containing 0.1 M NaCl, 1% Triton X-100
(v/v), and 25 mM benzamidine was applied to the affinity column (0.5 x 6.0 cm) at 0-4°C,
equilibrated with the above phosphate-citrate buffer. The extracts were separately applied to
the column at a flow rate of 2 ml/h followed by washing with 25 ml of the above buffer at a
flow rate of 4-5 ml/h. The bound enzyme was eluted with the above buffer containing 7M
urea [58]. The enzymatically active fractions were pooled, concentrated to a small volume
using a microconcentrator, dialysed against 10 mM Tris-HCI buffer containing 0.1M NaCl
and 0.02% sodium azide, and assayed for PNP-B-D-galactosidase activity at pH 3.5. Aliquots
containing 0.05-0.08 units/tube were dried in a Speed Vac and stored frozen at —20°C.

The B-D-galactosidase activities purified from spermatocytes and round spermatids were
resolved by SDS-PAGE and transferred to a nitrocellulose sheet. The immunoreactive
polypeptides were detected by Western blot analysis. Data from this approach shown in our
original publication [11] demonstrated that under steady-state conditions, both spermatocytes
and round spermatids, contained several molecular forms (103- , 88- , 70- , 64- and 62-kD).
Interestingly, the 103- and 62-kD immunoreactive polypeptides present in the round
spermatids were not seen in the spermatocytes.

The 88-kD is likely the glycosylated form of B-D-galactosidase, whereas the 70- kD
monomer appears to be the de-N-glycosylated form. The latter form was demonstrated by our
group to be generated following N-glycanase treatment of the newly synthesized B-D-
galactosidase in germ cells [10], and the enzyme present in the rat spermatozoa [38] and
epididymal luminal fluid [58]. Interestingly, the 62-kD form is expressed in a cell-specific
manner, being present only in round spermatids. It is not known at the present time whether
the 103-kD form seen in the immunoblots of the round spermatids (see below) is related to
the B-D-galactosidase. The fact that this polypeptide was not seen in biosynthetic studies
(Figure 4) suggests that it is not related to the p-D-galactosidase. A less likely possibility
would be that the half-time (t ¥2) for the appearance of 103-kD form is longer than the chase
time of 10-h. Studies using longer chase times were not attempted since the germ cells are
viable in culture for a short period of time [7,34].

The enzyme activities present in the spermatocytes, round spermatids and cauda
epididymal sperm extracts were found to optimally cleave PNP-B-D-galactoside substrate at
an acidic pH of 3.5. The substrate concentration vs enzyme activity studies generated a linear
double-reciprocal plot for all cells. An apparent Km calculated from these plots is presented
in Table 5.

Our published studies have demonstrated that anti-p-D-galactosidase 1gG (monospecific)
effectively immunoprecipitated the enzyme present in the detergent solubilized
spermatocytes, round spermatids and cauda epididymal spermatozoa [10,11]. These results,
and the fact that B-D-galactosidase activities present in the detergent solubilized



82 Daulat R.P. Tulsiani and Aida Abou-Haila

spermatogenic cells and spermatozoa have similar pH optima, allowed us to suggest that the
germ cells and spermatozoa contain immunologically and kinetically similar B-D-
galactosidase activities. It should, however, be noted that the Km for the germ cell B-D-
galactosidase is somewhat higher than the enzyme present in the cauda epididymal
spermatozoa (Table 5). A likely explanation is that whereas the germ cells possess precursor
and mature forms of the enzyme (see below), the epididymal spermatozoa possess only the
mature form of B-D-galactosidase. The mature form in spermatozoa is expected to have high
affinity (and low Km) for the PNP-B-D-galactoside substrate.
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Figure 4. Synthesis of B-D-galactosidase and conversion of the newly synthesized precursor forms to
the mature forms in rat testicular germ cells. Enriched populations of spermatocytes (left) or round
spermatids (rignt) were pooled (see Figure 1 in reference 8). Cells (1.5 x 10’ cells/ml) were incubated in
3 ml of methionine free MEM for 30 min, followed by incubation in methionine-free MEM
supplemented with [**S] methionine (400 uCi/ml) as described (11). Following 30 min of pulse
labelling (lanes 2 and 3), the cells were washed and incubated (chase) in non-radioactive medium for
10-h (lanes 4 and 5). After this incubation, the cells were washed, sonicated and the radiolabeled p-D-
galactosidase was immunoprecipitated. Immunoprecipitates were electrophoresed on 7%
polyacrylamide gels containing SDS (SDS-PAGE) at 30 mA constant current and prepared for
fluorography [11]. Lane 1, [**C]-labeled standard marker proteins (Amersham); lanes 2 and 4,
preimmune 1gG; and lanes 3 and 5, immune IgG. Molecular weight x 10°. Reproduced from Skudlarek
et al. [11] with permission.

Synthesis and turnover of p-D-Galactosidase in Spermatocytes and Round
Spermatids

Radiolabeling of spermatocytes and round spermatids. Enriched populations of
spermatocytes (>95% pure, impurities being 1.2% Sertoli cells; 2.4% round spermatids; and
1.2% condensed/elongated spermatids) or round spermatids (> 95% pure, impurities being
4.5% condensed/elongated spermatids) were pooled and 1.5 x 10" cells/ml were incubated in
3 ml of methionine-free MEM [11]. After 30 min at 34°C, the methionine-depleted cells were
centrifuged at 400g for 5 min, and the pelleted cells were suspended in the above medium
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containing [*S] methionine (400 uCi/ml) and incubated at 34°C under 5% CO, in air. After
30 min of labeling (pulse), the cells were pelleted and washed four times by suspending each
time in 2 ml of PBS and centrifugation as above. The washed cells were either frozen (pulse)
or suspended in 3 ml of medium containing non-radioactive methionine and cultured for
pulse/chase studies as described in each experiment.

Extraction, immunoprecipitation, and SDS-PAGE of *S-labeled g-D-galactosidase. The
frozen cells were suspended in ice-cold 0.1M Tris-HCI buffer, pH 7.5, containing 0.15M
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, and a protease inhibitor cocktail (10,
11). The cells were sonicated and centrifuged at 105,000g for 30 min. The supernatant was
removed by aspiration, supplemented with unlabeled enzyme carrier (2 units), and mixed
with 60 pg of the affinity-purified immune or preimmune IgG. Samples were incubated at
34°C for 30 min followed by overnight incubation at 4°C with gentle rocking. Following
these incubations, the immunoprecipitates were collected by centrifugation. The
immune/preimmune precipitates were washed five times with Tris-NaCl-SDS buffer by
suspension and centrifugation, dissolved in urea-SDS and electrophoresed on 7%
polyacrylamide gels (SDS-PAGE) under reducing conditions. Gels were exposed to Biomax
MR film, and the radioactive bands were revealed by processing after 1 week (Figure 4). In
pulse-chase studies, individual bands were cut from the gels, solubilized in NCS solubilizer,
and the radioactivity was measured by liquid scintillation spectroscopy [11,58].

Following incubation of spermatogenic cells (spermatocytes/round spermatids) for 30
min with [**S]methionine (pulse), the cells were pelleted, washed and incubated for 10-h in
non-radioactive methionine medium (see above) for chase. The newly synthesized B-D-
galactosidase from spermatogenic cells (after pulse or pulse-chase) was immunoprecipitated,
and the molecular forms were detected by electrophoresis and autoradiography as above.
Data from these studies presented in Figure 4 demonstrate that both spermatocytes and round
spermatids synthesize two high molecular weight precursor forms (90-/88-kD) that are
converted to lower molecular weight mature forms (64-/62-kD) after 10-h of chase.

The protocol reported here and elsewhere [10,11] can be adopted to study synthesis of
other proteins/glycoproteins in cell culture or to assess the effect of specific agents on
spermatogenesis. For reproducible results, it is important to use a high titer specific antibody
(preferably affinity purified IgG fraction). The antibody should first be titrated against a
carrier antigen to establish the amount of antibody needed to quantitatively
immunoprecipitate the known quantity of the carrier protein. Since the newly synthesized
radio-labeled antigen contributes very little protein/glycoprotein, the addition of a carrier
antigen is highly recommended to ensure that the antigen:antibody complex forms a visible
pellet during washing procedure.

The time course of conversion of precursor forms (90-/88-kD) in the spermatocytes and
round spermatids to mature forms (64- and 62-kD) were quantified in pulse-chase studies. At
various time intervals of the chase, individual bands were cut from the gels, solubilized and
radioactivity counted as above. Data for the time course of conversion of precursor forms to
mature forms are presented in Figure 5. No radioactivity was lost from the round spermatids
for up to 2-h after initiation of the chase. In contrast, over 15% of the precursor forms were
converted to the 64-kD mature form in spermatocytes within 2-h. Data shown in Figure 5
allowed us to calculate the half-time (t %2) for the turn over of the p-D-galactosidase precursor
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forms to the mature forms at 6.5 and 9-h in spermatocytes and round spermatids, respectively.
Another obvious difference between these germ cells was the apparent molecular weight of
the mature forms after 10-h of chase. In spermatocytes, most of the radioactivity was found in
the 64-kD mature form, whereas the 62-kD was the predominantly mature form in round
spermatids (Figures 4 and 5). To the best of our knowledge, studies from our group are first
reports where an exoglycohydrolase has been demonstrated to undergo processing in a cell-
specific manner during spermatogenesis. A plausible reason for the longer half-life for round
spermatids could be that the acrosome is formed in the early stages of spermiogenesis by the
fusion of pro-acrosomal granules [3,15]. Thus, the antigen(s) synthesized in the round
spermatids and targeted to the acrosome will be expected to have a longer half-life span.
Turnover studies of mature forms (64-/62-kD) in these cells would have given us additional
information; however, these studies could not be attempted due to the limited viability of
spermatogenic cells in culture [7,34].
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Figure 5. Kinetics of loss of radiolabel from precursor forms of B-D-galactosidase and its simultaneous
incorporation into mature forms. Enriched populations of spermatocytes and round spermatids were
incubated in 3 ml of MEM supplemented with [**S] methionine (400 pCi/ml) for 30 min (pulse) as
described in the legend to Figure 4. The cells were washed and re-incubated in non-radioactive medium
for various time intervals (chase). At the indicated time, the cells were washed, extracted and the -D-
galactosidase was immunoprecipitated as described (11). Immunoprecipitates were electrophoresed on
7% SDS-PAGE under reducing conditions. Radioactivity was quantified in the individual bands. In this
representative experiment, each point represents the mean of two samples. Apparent molecular weight
of 90-/88-kD precursor forms (e) and the 64-kD (o) and 62-kD (A ) mature forms was calculated using
[*“C]-labeled standard marker proteins. Half-lives of precursor forms were calculated from the linear
regression analysis. Reproduced from Skudlarek et al. [11] with permission.

The precursor forms (90-/88-kD) of p-D-galactosidase appear to be related since removal
of glycans by the treatment with either endo H (known to remove only the N-linked high
mannose/hybrid-type glycans from glycoproteins) or N-glycanase (which removes all N-
linked glycans) generated a single polypeptide of an apparent molecular weight 70-kD [10].
This result is consistent with the suggestion that the two forms are differentially glycosylated.
Interestingly, the 70-kD polypeptide backbone has been reported in other forms of B-D-



Immunolovalization and Biosyntheses of Acid Glycohydrolases ... 85

galactosidase [58]. Furthermore, the fact that the treatment of precursor forms with Endo H or
N-glycanase generated the 70-kD subunit, suggests that the two precursor forms contain
different amounts of N-linked high mannose/hybrid-type glycans [10].

It is noteworthy that although spermatocytes and round spermatids synthesize similar
precursor forms of B-D-galactosidase, the major mature forms produced after a 10-h chase are
different (Figures 4 and 5). In spermatocytes, which have lysosomes but no acrosome, the
major mature form had a molecular mass of 64-kD. This form was only a minor constituent in
the round spermatids where the acrosome is formed during the Golgi phase by the fusion of
small granules to form a large acrosomal granule. These differences in the molecular mass of
64- and 62-kD are apparently due to differential glycosylation of the polypeptide moiety as
we have demonstrated for molecular forms of B-D-galactosidase in spermatozoa [38],
epididymal luminal fluid [58], and the 90-/88-kD precursor forms synthesized in round
spermatids [10]. Since glycan moieties are important in intracellular transport and packaging
of glycohydrolases [31,32], it will be of interest to elucidate the structure of oligosaccharide
chains of the 64- and 62-kD forms. This information may provide insight into the manner in
which B-D-galactosidase and other glycohydrolases are targeted to the acrosome and
lysosome.

In human fibroblast and rat epididymal epithelial cells, acid B-D-galactosidase is
synthesized in an 84- to 85-kD precursor form which is processed into a mature form of 63-
64-kD. Similarly, the enzyme in the mouse macrophages is synthesized in precursor forms of
82-84-kD that are processed to a mature form of 63-kD [61]. In lysosomes, a protective
protein has been demonstrated to interact with B-D-galactosidase monomers affecting their
multimerization into a high molecular mass aggregate of 600-800-kD [62]. We have obtained
no evidence for the presence of high molecular mass aggregates in spermatocytes or round
spermatids.

Use of monospecific Antibodies to Acrosomal Glycohydrolases to follow the
Successive formation of the Sperm Acrosome

The availability of high titer antibodies against B-D-glucuronidase and p-D-galactosidase
has allowed us to use them to follow the successive formation of the acrosome during
spermiogenesis in rats using an indirect immunofluorescence assay. In this approach, we
examined the binding of preimmune or immune 1gG to enriched population of spermatids
(round and condensed/elongated) after permeabilization with methanol. Following incubation
in diluted FITC-labeled goat anti-rabbit 1gG, the cells were washed in PBS, mounted and
observed with a confocal microscope using Nomarski differential interference phase-contrast
optics [3,11]. Data from these studies presented in figures 6 and 7 demonstrate the
distribution of B-D-glucuronidase and B-D-galactosidase, respectively, in the forming/formed
acrosome during successive formation of the spermatozoon. To the best of our knowledge,
these are the only studies in which antibodies to acid glycohydrolases have been successfully
used to examine the formation of the acrosome during spermiogenesis.
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Figure 6. Confocal micrographs showing immunolocalization of B-D-glucuronidase in the forming
acrosome during the elongation phase of spermiogenesis in the rat. The mixed testicular germ cells were
prepared and immunostained using anti-p-D-glucuronidase 1gG (monospecific 1gG, 9 pg protein/ml) as
primary antibody followed by FITC-labeled anti-rabbit goat 1gG as secondary antibody as described
[3]. Various phases of acrosome formation were photographed with a confocal microscope using
Nomarski differential interference contrast optics (A-E). Note the presence of an intense fluorescence in
the forming acrosome during progressive transformation of the elongated spermatids (F-I) into a
testicular spermatozoon with fully formed acrosome (J). The elongated spermatids are from the
following stages: stage 8, A&F; stage 10, B&G; stage 13, C&H; and stage 16, D&I. The absence of
flagellum in the elongated spermatids is due to its loss during preparation of spermatogenic cells by the
enzymatic digestion of the testes. Reproduced from Abou-Haila and Tulsiani [3] with permission.

Figure 7. Confocal micrographs showing immunolocalization of B-D-galactosidase using anti-p-D-
galactosidase (monospecific 1gG, 5 pg protein/ml) as primary antibody and FITC-labeled anti-rabbit
goat IgG as the secondary antibody as described [11]. Various phases of acrosome formation were
photographed with a confocal microscope using Nomarski differential interference contrast optics (A-E)
and immunofluorescence (F-J). Note the presence of intense fluorescence in the Golgi apparatus of
stage 6 round spermatids (F) and the forming acrosome during progressive transformation of the
elongated spermatids (G-1) into a spermatozoon with fully formed acrosome (J). The elongated
spermatids are: stage 8, B & G; stage 10, C & H; and stage 17, D & I; the absence of a flagellum on the
elongated spermatids is due to its loss during preparation of the spermatogenic cells by enzymatic
treatment of the testes. Reproduced from Skudlarek et al. [11] with permission.
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Immunolocalization of Glycohydrolases in Capacitating/Capacitated
Spermatozoa

All mammalian spermatozoa studied so far undergo capacitation in the female genital
tract (in vivo capacitation). Spermatozoa can also be capacitated in vitro by incubating in a
physiological medium supplemented with BSA [63-65]. The in vivo/in vitro capacitation is a
prerequisite event before sperm acquire the ability to bind to the zona pellucida, and undergo
signal transduction cascade [14,17,63]. The net result is the fusion of the sperm plasma
membrane and underlying outer acrosomal membrane at multiple sites and exocytosis of the
acrosomal contents. Since spermatozoa undergo priming of the sperm plasma membrane and
the outer acrosomal membrane during capacitation [65,66], we used an indirect
immunofluorescence (IIF) assay and other staining procedures to assess capacitation-
associated membrane priming of mouse spermatozoa. As stated above, the two
glycohydrolases are localized in the acrosomal cap region of the cauda epididymal
spermatozoa as revealed by the immunopositive staining in the head only when the cells are
permeabilized. In order to assess the capacitation-associated membrane priming, we used the
two glycohydrolases (B-D-glucuronidase and p-D-galactosidase) as marker enzymes. Briefly,
mouse cauda epididymal spermatozoa were incubated for various time periods in an in vitro
medium that favours capacitation [65]. At a given time, the cells were fixed with
paraformaldehyde and stained by IIF to reveal B-D-galactosidase (Figure 8). Data from this
approach revealed the presence of a non-specific reaction in the midpiece and postacrosomal
region (PAR) when uncapacitated sperm were treated with preimmune/immune 1gG without
permeabilization. Although a majority of non-permeabilized acrosome-intact spermatozoa (>
90%) had no immunopositive reaction in the sperm acrosome, distinct and progressive
immunopositive patterns appear in a time-dependent manner during capacitation. First, an
initial reaction was revealed as a thin fluorescent crescent in the anterior acrosome cap
(Figure 8B, H) which expanded posteriorly (Figure 8C, 1) and laterally (Figure 8D, J)
forming an intense diffuse region. As capacitation progressed with the incubation time,
fluorescent spots were seen within the acrosome cap of a significant number of spermatozoa
(Figure 8E, K); after 60 minutes of incubation, an increased number of spermatozoa had an
intense immunofluorescent crescent of patched spots over the head region (Figure 8F, L).

The various immunopositive patterns seen in Figures 3 and 4 of reference 65, when
grouped into three stages (stages I, Il and I11) and plotted as a function of incubation time,
revealed a capacitation-dependent progressive membrane priming as evident by the
appearance of various immunopositive patterns (see Figure 5 in reference 65). For instance,
there were more immunopositive sperm in earlier stage (stage I) than in stages Il or Il
individually or combined after 15 or 30 min of incubation. In contrast, the percentage of
immunopositive spermatozoa in stage | showed a dramatic decline at 60 min of incubation:
the observed decrease coincided with an increase in the immunopositive patterns in stages Il
and I11, a result implying that spermatozoa in stage | undergo further membrane changes to
reveal intense immunopositive staining seen in stages Il and Il [65]. Combined, these data
allowed us to suggest that intra-acrosomal glycohydrolases (and perhaps other acrosomal
components) are exposed on the surface of capacitating/capacitated spermatozoa in a time-
dependent manner.



88 Daulat R.P. Tulsiani and Aida Abou-Haila

_—— -

} N } 4
A\ Ex ) e \ | N\

Figure 8. Immunolocalization of B-D-galactosidase in capacitating spermatozoa. Matched phase-
contrast (A-F) and indirect immunofluorescence (I1F) patterns (G-L) after the cauda epidydmal
spermatozoa were incubated in a medium that favors capacitation [65]. The cells were fixed without
permeabilization and immunostained using affinity-purified (monospecific) IgG as primary antibody
and FITC-labeled secondary antibody [65]. Being an intra-acrosomal glycohydrolase, the enzyme is not
visible on the acrosomal region of uncapacitated spermatozoa (G). However, distinct immunopositive
patterns appear (H-L) as capacitation proceeds. For quantification, distinct immunopositive patterns
were grouped into three stages: stage I, H, I; Stage I, J; stage 11, K, L. Other details are given in
reference [65]. Reproduced from Abou-Haila and Tulsiani [65] with permission.

-
-

Is the Exposure of Acrosomal Contents on the Surface of Capacitated
Spermatozoa Physiologically Significant?

The fact that spermatozoa recognize and bind to the zona pellucida only after
capacitation suggests major changes on their cell surface during this process. We have
presented in vitro evidence suggesting that mouse spermatozoa incubated in a medium that
favors capacitation undergo membrane priming in a time-dependent manner [65,66]. The net
result of the membrane modifications is the exposure of the two acrosomal glycohydrolases
on the surface of capacitating/capacitated (acrosome-intact) spermatozoa (Figure 8). In
addition to our studies with acid glycohydrolases, several other intra-acrosomal components
have been reported to be present on the surface of capacitated spermatozoa from several
species. The growing list of acrosomal molecules suggested to have a role in adhesion to the
zona pellucida includes acrosomal matrix component AM67 [67,68], proacrosin/acrosin
[69,70], hyaluronidase [71], an acrosomal sperm protein SP-10 [72], and glycohydrolases
[65]. The reported presence of several acrosomal components on the surface of capacitated
spermatozoa is consistent with our suggestion that the exposure of the intra-acrosomal
molecules is physiologically significant.

The irreversible binding of capacitated spermatozoa to the zona pellucida is thought to
trigger at least two distinct signalling cascades resulting in the exocytosis of acrosomal
contents: a pertussis toxin-sensitive G-protein cascade [73,74] and activation of ion channels
[75,76]. These channels are important factors that elevate the intra-sperm pH and the level of
intracellular Ca®* ions preceding the acrosome reaction. The typical acrosome reaction
involves, swelling of the acrosome followed by the fusion and vesiculation of the outer
acrosomal membrane and the overlying sperm plasma membrane at multiple sites [3,14].
Many details of the compounds and potential mechanism that may regulate the membrane
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fusion before and during acrosomal exocytosis have been discussed in recent reviews [66,77]
and will not be repeated here. Suffice it to say that the membrane fusion at multiple sites
allows the acrosomal contents to escape, thus exposing the inner acrosomal membrane [64].
The exposed membrane reveals a new set of binding sites specific for ZP2, one of the three
glycoproteins that make the zona pellucida [78]. The secondary binding sites hold the
acrosome-reacted (hyperactive) sperm and zona-intact egg in contact before the acrosome-
reacted sperm penetrates the zona pellucida relying on acrosomal enzymes (glycohydrolases,
proteinases etc.) released at the site of sperm-egg binding and enhanced thrust generated by
the hyperactivated beat pattern of the bound sperm [21]. Although the potential molecules
involved in secondary binding events and sperm-egg fusion will be of interest to many
readers of this article, they are beyond the scope of this article. Interested readers are referred
to an extended review article by McLeskey et al. [79].

It should be noted that acrosin, a serine-specific proteinase, was considered essential for
secondary binding to zona pellucida and/or sperm penetration [79,80]. However, studies
published over a decade ago demonstrated that sperm from mice carrying a targeted mutation
of the acrosin gene can penetrate the zona pellucida and fertilize the egg, a result consistent
with the suggestion that acrosin, at least in mice may not be essential for fertilization [81].
Subsequently it was demonstrated that the absence of acrosin from the mouse sperm does
cause a delay in the penetration of the zona pellucida, which may be due to a slower dispersal
of sperm acrosomal contents during the acrosome reaction [82].

In  summary, this article reviews the biochemical characterization and
immunolocalization of two acid glycohydrolases in rodent testicular germ cells and
spermatozoa. Germ cell populations were prepared from mouse and rat testes by unit gravity
sedimentation using a linear BSA gradient. Fractions rich in spermatocytes, round spermatids
(> 95% pure cells) were separately pooled and assayed for several glycohydrolase activities.
Most glycohydrolase activities were higher in spermatocytes than in spermatids. Mouse
testicular germ cells were found to express the lysosomal form of -D-glucuronidase with a
broad isoelectrofocusing point (pl 5.5-6.0) and a subunit molecular mass of 74-kD.
Immunocytochemical studies using high titer antibodies to B-D-glucuronidase and B-D-
galactosidase revealed a positive reaction in the Golgi membranes, Golgi-associated vesicles
and lysosome-like multivesicular bodies in the late spermatocytes (pachytene spermatocytes)
and a stage-specific localization during spermiogenesis. The forming/formed acrosome of the
elongated spermatids and cauda epididymal spermatozoa were highly immunopositive for
both enzymes. Western blotting approaches on affinity-purified extracts from rat germ cells
demonstrated several molecular forms of B-D-galactosidase in spermatocytes and round
spermatids; one of these forms (62-kD) was present only in round spermatids. Biosynthetic
studies indicate that B-D-galactosidase is synthesized in spermatocytes and round spermatids
in high molecular weight precursor forms (90-/88-kD) that undergo processing to lower
molecular weight mature forms in a cell-specific manner. The net result is the formation of
predominantly 64- and 62-kD forms in spermatocytes and round spermatids, respectively.
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ABSTRACT

Spermatogenesis is a very complex terminal cell differentiation process, essential for
all the species with sexual reproduction.

Despite of its importance for sexual reproduction and as a main source of variability,
mammalian spermatogenesis is still poorly understood at the molecular level, mainly due
to some difficulties it presents for its study. One of the main drawbacks is that the testis
is a very complex tissue, with the spermatogenic cells of different stages - somatic
spermatogonia, meiotic cells and haploid spermatids in different phases of elongation -
coexisting with somatic Sertoli cells in the seminiferous tubules of adult animals.
Besides, spermatogenic cells do not maintain the differentiation process in vitro, thus
reducing the possibilities of the use of germ cells culture for experimentation. Therefore,
a prerequisite for the analysis of differential gene expression during spermatogenesis is
the availability of methods that allow rapid obtainment of highly enriched populations of
a certain germ cell type.

In spite of these drawbacks, a few experimental approaches have been recently
developed in some laboratories for the analysis of gene expression in the germ line of the
male. The studies are revealing testis as a very interesting system for the analysis of
differential gene expression because of the astonishingly large number of genes that are
differentially expressed and the peculiar patterns of regulation that govern gene
expression in spermatogenic cells. Moreover, candidate genes for roles in the regulation
of fertility and possible contraceptive targets are starting to be identified.



98 Adriana Geisinger

Here, different approaches for the analysis of gene expression along spermatogenesis
employed in various laboratories as well as in our own will be reviewed, and the main
results will be discussed.

INTRODUCTION

Infertility affects at least 20-25% of couples that are in reproductive age. In nearly 30%
of all infertility cases, the origin is attributed to a male factor and in an additional 30% of
cases the cause is attributed to both male and female factors. Statistics vary but it would seem
that around 30% of men are sub-fertile and at least 2% are totally infertile. 90% of male
infertility is generated by the failure to produce enough sperm that will be healthy, properly
formed, and mobile. Some of the most common disorders that may affect sperm production
and quality are varicocele, infections, diabetes, environmental factors (pollution, exposure to
heavy metals or synthetic estrogens, drugs, and even a nutrient-deficient diet) and congenital
abnormalities including genetic disorders. The importance of genetic disorders is such that
estimates indicate that in approximately 60% of male infertility cases, genetic causes would
be involved (Lilford et al., 1994). Since male fertility has been experiencing an alarming
decrease during the last 50 years (e.g. Sharpe and Irvine, 2004; Albert et al., 2006), a need for
a deeper knowledge on the molecular bases of male germ cell production is evident.

Experimental approaches for the analysis of differential gene expression at the protein
level such as the construction and inmunofluorescent screening of monoclonal antibodies
libraries (e.g. Heyting and Dietrich, 1989; Offenberg et al., 1991; Smith and Benavente,
1992a; 1992b; Vester et al., 1993; Kralewski et al., 1997; Alsheimer et al., 1998) and the
comparison of two-dimensional protein patterns (Cossio et al., 1995; 1997) have allowed the
identification of important male germ cell-specific products. Moreover, methodologies for the
identification of differentially expressed mRNAs such as subtractive hybridization (e.g.
Wang et al., 2001; Fujii et al., 2002; Beissbarth et al., 2003), mRNA differential display
(Geisinger et al., 1996; Catalano et al., 1997; Anway et al., 2003; Luk et al., 2003; Almstrup
et al., 2004), SAGE (Yao et al.,, 2004; Wu et al., 2004; Chan et al., 2006) and mainly
microarrays (Yu et al., 2003, Rossi et al., 2004; Maratou et al., 2004; Almstrup et al., 2004;
Shima et al., 2004; Ellis et al., 2007; Feig et al., 2007) have rendered high numbers of male
germ cell development and differentiation-related genes. These studies have revealed testis as
a very interesting system because of the astonishingly large number of genes that are
differentially expressed (reviewed in Wrobel and Priming, 2005) and the peculiar patterns
that govern the regulation of gene expression in germ cells (Elliott, 2003; Huang et al., 2005;
Iguchi et al., 2006). The identification of candidate genes for roles in the regulation of
fertility is contributing to the finding of possible male contraceptive targets (Schultz et al.,
2003, Schlecht et al., 2004; Chan et al., 2006).

On the other hand, the analysis of the biology of patients with genetic syndromes and the
examining of the phenotypes of mouse lines harboring targeted gene mutations are shedding
light on genes that are involved in mammalian male germ cells formation and viability.
Besides being implicated in pathologies such as hereditary polyposis colorectal cancer (Baker
et al., 1995), Bloom Syndrome (Moens et al., 2000), Nijmegen Breakage Syndrome (Resnick
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et al., 2002), Ataxia-Talangiectasia (Boder, 1975), Fanconi Anemia (Alter, 2003), and many
others (e.g. Sapiro et al., 2002), some of those genes cause infertility by interrupting an
essential event in the process that leads to sperm production.

Unfortunately, however, the molecular processes underlying germ cell differentiation and
development are still poorly understood mainly because of some intrinsic difficulties the
testicular tissue presents for its study. As a consequence, in most of the infertility cases where
genetic causes are presumably involved, the specific cause is still unknown. A deeper
comprehension of the molecular events that take place is essential for the understanding of
the bases of sexual reproduction, and for the development of therapeutic and biomedical
procedures as well.

GENERAL ASPECTS OF SPERMATOGENESIS

Spermatogenesis is the process that leads to the formation of male gamete, the mature
sperm. It is a very complex proliferation and terminal cell differentiation process essential for
all the species with sexual reproduction that occurs in the testes of adult individuals.

Mammalian testes are ovoid organs that appear wrapped in a dense fibrous membrane,
the tunica albuginea, and whose inside contains a large number of entangled seminiferous
tubules. Seminiferous tubules, which are in charged of sperm production, are covered by a
highly specialized stratified epithelium, named germinative or seminiferous epithelium. In
adult males, seminiferous epithelium is formed by two different cell populations: a non-
proliferative population of large supporting cells (Sertoli cells), that lie on the basement
membrane of the tubule, and a proliferative population of germ cells, that constantly migrate
from the periphery of the tubule to the lumen, as they differentiate (Greep, 1954).

The germ cell population is composed of different stages of developing cells and
comprise, from the periphery to the lumen, spermatogonia, spermatocytes and spermatids
(Figure 1). Spermatogonia are stem cells located near the basement membrane of the tubule,
which proliferate by mitosis. Some of these progeny cells remain near the basement
membrane throughout the entire life of the individual and serve as a self-renewing stem cell
population, while others sequentially differentiate into progressively more advanced
spermatogonial stages (Al, A2, A3, A4, intermediate and type B spermatogonia) (de Rooij,
2001) and generate primary spermatocytes, that are the cells that undergo meiosis. Meiosis is
a special type of cell division exclusive to germ cells that occurs in all eukaryotes, from yeast
to men. It involves two successive nuclear divisions with only one round of DNA replication,
resulting in haploid cells, the round spermatids. Thus, meiosis is the mechanism by which
sexually reproducing organisms compensate for doubling at fertilization. The process of
meiosis is mainly related to the behavior of chromosomes during prophase and anaphase of
the first meiotic division (meiotic prophase | is very long and has been divided into different
stages), with highly significant events such as homologous chromosome synapsis,
recombination and segregation taking place (e.g. reviews by Kleckner, 2006; Zickler, 2006;
Neale and Keeney, 2006; Li and Ma, 2006). Synapsis and recombination appear mediated by
a meiosis-specific tripartite protein structure called the synaptonemal complex (reviewed in
Wettstein and Sotelo, 1971; von Wettstein et al., 1984; Kleckner, 2006; Zickler, 2006).
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Particularly, the homologous recombination that occurs during meiosis (crossing over) has
vital importance as a means of genetic variability, and therefore constitutes a main source of
biodiversity (Rice and Chippindale, 2001). After the second meiotic division, haploid
spermatids enter a phase of differentiation called spermiogenesis, in which they undergo
profound progressive nuclear and cytoplasmic changes in order to become mature sperm
(Greep, 1954).
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Figure 1. Drawing of a section of a seminiferous tubule (after Dym, 1977).

During the spermatogonial divisions, cytokinesis is not complete. The cells form a
syncytium, where each cell is connected to the other via a 1um diameter cytoplasmic bridge.
The successive divisions produce clones of interconnected cells with ions and molecules
passing across the bridges (Dym and Fawcett, 1971). In transversal sections of the tubules, all
the cells in each concentric layer of the seminiferous epithelium are found at the same
differentiation stage. The different cell stages in a transversal section are arranged forming a
definite number of cellular associations, which were defined long ago by Clermont for
different mammalian species (Leblond and Clermont, 1952; Clermont, 1960; 1963).

The development of germ cells takes place in intimate association with Sertoli cells,
which have cytoplasmic prolongations that surround the clonal groups of cells providing a
specialized, protected environment (reviewed in Griswold, 1998). Besides, Sertoli cells form
tight junctions with each other, thus creating a barrier that protects the inside of the
seminiferous tubule; this is known as the blood-testis barrier. Furthermore, they respond to
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follicle-stimulating hormone (FSH) and testosterone by initiating signaling pathways that
contribute to the support of spermatogenesis (reviewed in Walker and Cheng, 2005).

In addition to germ cells at different maturation stages and Sertoli cells, many other cell
types exist in the testis (Figure 2). Seminiferous tubules are surrounded by loose areolar
connective tissue (interstitial tissue) that consists of numerous reticular fibers, capillary and
lymphatic vessels, macrophages, fibrocytes, mastocytes, lymphocytes, and Leydig cells; these
latest are responsible for the synthesis and secretion of the steroid hormone testosterone
(Greep, 1954). Moreover, peritubular myoid cells are found as part of the basal lamina of the
seminiferous tubule.
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Figure 2. Drawing of the different cell types of the mouse testis (after Meistrich, 1977).

At birth mammalian testes contain somatic Sertoli cells and gonocytes, which are
arrested in the GO/G1 phase. The gonocytes start proliferating mitotically, and in mouse and
rat by day 6 they have migrated to the basement membrane of the seminiferous tubules and
became undifferentiated type A spermatogonia (Bellvé et al., 1977; Malkov et al., 1998).
Meiotic prophase begins at approximately postnatal day 9-10 and 13-14 in the mouse and rat
respectively. By day 12 in mouse and 17-18 in rat, the predominant cell types are leptotene
and zygotene spermatocytes. A few days later the majority of cells reach early pachytene
stage (day 14 in mouse and 19-20 in rat), and by day 20 in mouse and 24-25 in rat, round
spermatids start to be visible. Elongated spermatids are first detected in the mouse by day 30,
and the first cauda spermatozoa appear at the same time (Janca et al., 1986). In rat, the first
spermatozoa can be found by day 36 (Malkov et al., 1998).
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DIFFICULTIES FOR THE ANALYSIS OF
SPERMATOGENESIS AT THE MOLECULAR LEVEL

In molecular terms, spermatogenesis can be described as the coordinate execution of
three individual programs of gene expression. The first program corresponds to somatic
proliferation of spermatogonia, the second provides the primary spermatocyte with the
meiosis-specific apparatus for chromosome pairing, recombination and segregation, and the
third one is responsible for the profound biochemical and structural changes that haploid
spermatids undergo in order to become mature sperm (Erickson, 1990).

In spite of its importance, as already mentioned mammalian spermatogenesis is still
poorly understood at the molecular level, mainly due to some difficulties it presents for its
study.

One of the main difficulties is the tissue heterogeneity, with all the spermatogenic and
somatic cell types coexisting in the testes of adult animals (Bellvé et al., 1977). As a
consequence of that heterogeneity, a pre-requisite for the analysis of differential gene
expression during spermatogenesis is the availability of methods to allow the assignment of
specific transcripts to cells at specific differentiation stages (e.g. Meistrich, 1977).

A second drawback is that spermatogenic culture cell lines have not been developed yet.
Despite the many attempts to achieve complete spermatogenesis in vitro, the results up to
now have been very poor. This can be partly due to the difficulties concerning the
purification of defined subpopulations of germ cells, but also to the inability to reproduce in
vitro the intricate relationship between germ cells and Sertoli cells, and the lack of
knowledge about the optimal conditions that promote the survival and differentiation of germ
cells in long-term cultures (reviewed in Sofikitis et al., 2005). Short-term cultures are
feasible, but the cell viability declines very fast (Dirami et al., 1999), cells do not proliferate
or the proliferation rate is minimal, and their biochemical and morphological characteristics
become quickly altered during the culture. Therefore, the use of germ cell culture for
experimentation is not possible yet.

Most of the molecular studies concerning the main events that take place during meiosis
have been undertaken in yeast, a simple unicellular organism where culture and mutant
analyses are easy to conduct. An important number of genes involved in meiosis have been
identified in yeast, and their roles have been unveiled (e.g. Chu et al., 1998; Primig et al.,
2000; Mata et al., 2002; Gregan et al., 2006, and reviews by Vershon and Pierce, 2000;
Roeder and Bailis, 2000; Davis and Smith, 2001; Krogh and Symington, 2001; Whitby, 2005;
Hochwagen and Amon, 2006). Nevertheless, the preservation of the morphological aspects of
meiosis along evolution is not maintained at the molecular level and, as a consequence, we
cannot extrapolate most of the results from yeast to higher eukaryotes. In fact, the sequencing
of higher eukaryotic genomes has shown that most of the meiosis-specific genes identified in
yeast do not have homologues in other genomes; it seems that function analogy is far more
frequent than genetic sequence homology [an example of this are the analogous
synaptonemal complex proteins ZIP1 and SCP1, from yeast and higher eukaryotes
respectively (Sym et al., 1993; Dong and Roeder, 2000; Meuwissen et al., 1992; Liu et al.,
1996; Schmekel et al., 1996)]. Moreover, an important proportion of the meiosis-specific
genes from the budding yeast Saccharomyces cerevisiae are not even shared by the distantly
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related fission yeast Schizosaccharomyces pombe, and viceversa (e.g. Watanabe et al., 2001;
Davis and Smith, 2001; Mata et al., 2001; Whitby, 2005), suggesting that the genes involved
in meiosis are highly species-specific (Watanabe et al., 2001). On the other hand, some
studies have started to show that not all spermatogenesis-related genes in rodents have a
human ortholog (Lin et al., 2006; our laboratory, unpublished results). This fact could be
interpreted in terms of the rapid evolution of reproductive proteins (Swanson and Vacquier,
2002; Clark et al., 2006).

Due to that variability, the need to conduct molecular studies of spermatogenesis in
mammalian models is evident when it comes to learn about the bases of our own
reproduction. Although a few studies have been carried out in humans using either testicular
biopsies (e.g. Lin et al., 2006; Ellis et al., 2007; Feig et al., 2007) or testes from deceased
adults and aborted fetuses (e.g. Sha et al., 2002), rodents have been by far the mostly chosen
models because of obvious practical and ethical reasons.

METHODS FOR THE ENRICHMENT IN STAGE-SPECIFIC CELL
POPULATIONS FROM RODENT TESTICLES

Basically two different strategies have been employed in order to allow the comparison
of gene expression in different testicular cell populations:

1. Use of whole Testes from Prepuberal Animals

One of the approaches has been the use of young individuals that have not completed the
first spermatogenic wave. By comparing gene expression in juvenile animals of different ages
(for instance, whose seminiferous tubules have only Sertoli cells and spermatogonia but lack
meiotic cell types, are enriched in meiotic cells but lack spermatids, have reached the round
spermatid stage but lack spermatozoa) and with adult individuals, changes in mRNA levels
can be correlated to expression in a specific cell type. This approach has been widely used
(e.g. Vilardell et al., 1989; Thomas et al., 1989; Almstup et al., 2004; Marathou et al., 2004;
Shima et al., 2004; Iguchi et al., 2006), and has proved to be adequate since, in general terms,
microarray analyses have shown significant associations between the expression profiles of
coclustered genes (pools of genes that become more or less abundant on the same days) and
cell type specific UniGene libraries (Maratou et al., 2004).

This strategy has the main advantage of little handling and sample preparation time, thus
reducing the impact of RNA degradation on the reliability and reproducibility of the
expression data. However, the approach has several limitations. First, gene-expression
analysis on total RNA prepared from such a complex tissue with so many different cell types
cannot precisely distinguish which cell types express a specific mMRNA. As a consequence,
results have to be validated by in-situ hybridization or some other techniques that can address
the cell-type composition of a tissue. Second, since the cell-type composition of the testis
changes during development as a result of proliferation and differentiation, we cannot assure
whether an mRNA that is more abundant in a given RNA sample is either upregulated or
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expressed in a cell type that has become more abundant or larger. Third, since normal
spermatogenesis depends on interactions between somatic and germ cells, we think that it is
not possible to directly attribute a certain transcript detectable in one RNA sample and not in
another to a specific, recently appeared cell type. This new RNA could be synthesized de
novo in a previously present cell type (e.g. Sertoli cells), in response to the new
environmental or regulatory conditions. Moreover, we do not know if gene expression in a
specific testicular cell type is identical during the first spermatogenic wave to that of the same
cell type in adult individuals that have already undergone complete spermatogenesis.

2. Use of Cell Separation Techniques for the Obtainment of Highly
Enriched Stage-Specific Cell Populations

A second approach to allow the analysis of gene expression along different stages of
spermatogenesis has been the use of cell separation techniques. These techniques yield large
quantities of highly enriched populations of spermatogenic cells at specific stages of
differentiation. The strategy precisely reveals which transcripts are present in a certain cell
type. However, it has the disadvantage of involving laborious cell preparation procedures and
therefore in some cases expression levels may change to a certain extent during the
purification process (Wrobel and Priming, 2005), since complicated handling can selectively
damage certain cell types. Moreover, the duration of the process is especially critical for the
representation of some short life RNAs and proteins.

The first step for any cell separation method is the preparation of a cellular suspension. A
good testicular cell suspension will be one that maximizes the number of viable cells while
preventing cell clumps, avoids selective damage of specific cell types, and minimizes the
formation of multinucleates (Meistrich, 1977), which tend to form because of the syncitial
nature of the seminiferous epithelium. Protocols using mechanical dissociation for the
preparation of testicular cell suspensions have been described (Lam et al., 1970), but the
suspensions mechanically prepared aggregate very fast, the yield of viable cells is at most
80% (generally less), and results are not highly reproducible since, to a certain degree, they
are operator-dependant; more important, some cell types are selectively damaged (Meistrich,
1977). Methods involving a combination of gentle mechanical action with enzymatic
treatment using trypsin, DNase (Meistrich et al., 1973) and collagenase (Romrell et al., 1976)
have rendered better results in terms of yield and cell type representation, while minimizing
cell aggregation. However, they are time-consuming, involve a lot of handling, and the use of
enzymes could affect cell integrity and/or preservation of some macromolecules of interest.

We have recently developed a protocol to rapidly obtain cellular suspensions from testis
material using a Medimachine system (DakoCytomation, Carpinteria, CA). The procedure is
very fast (the whole procedure takes 15 min including animal dissection), reproducible, and
although a mechanical method, guarantees good viability and does not selectively damage
any specific cell type. Since the method involves very little manipulation and avoids enzymes
and other harmful reagents, we expect that it will become an ideal choice for delicate
downstream applications such as gene expression studies (Rodriguez et al., submitted).
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Once the cell suspension has been prepared it is submitted to a cell separation technique,
in order to obtain large quantities of homogeneus populations of spermatogenic cells at
specific differentiation stages. The most commonly used approaches have been based on the
fact that the different cell types in the spermatogenic cell suspension differ greatly in size
and, as a consequence, can be separated because of their different sedimentation velocities.

The first devised method for cell separation consists on the gravimetric decantation of
cells in an albumin gradient and is called Staput (Miller and Phillips, 1969). It is composed of
a cylindrical chamber with a conical base (Staput chamber) where the cells are sedimented
for 4 hours at 4°C, a gradient former located higher than the chamber in order to generate a
liquid flow by gravity, and a fraction collector (Lam et al., 1970; Meistrich, 1977). The
Staput approach has been used for the isolation of spermatogenic cell populations from adult
mice (Lam et al., 1970; Romrell et al., 1976; Yu et al., 2003) and rats (Go et al., 1971),
allowing an important enrichment in pachytene spermatocytes and round spermatids (75%
and 81% respectively for mice; Meistrich, 1977); an enrichment in spermatogonia and early
meiotic stages has been attained by the use of prepuberal specimens (Bellvé et al., 1977). We
used to employ a Staput chamber for spermatogenic cell separations in our laboratory in the
past (Figure 3). In our experience, the method is extremely laborious and takes too much time
(to the 4-hour sedimentation period, the fractions collection time must be added), thus turning
it inappropriate for gene expression studies.

Figure 3. Staput. a: gradient former; b: sedimentation chamber; c: fraction collector. This chamber is
loaded and unloaded from the bottom.
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The most widely used method for testicular cell separation aiming at differential gene
expression analysis has been centrifugal elutriation (e.g. Geisinger et al., 1996; 2002; 2005;
Alsheimer and Benavente, 1996; Alsheimer et al., 1997; Cossio et al., 1997; Weiss et al.,
1977; Schlecht et al., 2004, and many others). This method is based on the use of a special
centrifuge rotor with only one separation chamber (Figure 4), and combines liquid flow
velocity with intensity of centrifugal forces. A gradient of flow rates is established inside the
elutriator chamber, and the different cell populations are collected according to their different
sedimentation rates (for a detailed description of the method see Meistrich, 1977). The
procedure is much faster than Staput (20-90 minutes), and the number of cells that can be
loaded is higher (more than 3 x 10°, compared to 1 x 10° which is the highest number of cells
that could be loaded in a Staput chamber). Fractions enriched in pachytene spermatocytes and
round spermatids can be obtained from adult animals, with a purity of over 80% each
(Meistrich, 1977, and our own experience). A third fraction highly enriched in elongated
spermatids and residual bodies can be collected. It is possible to obtain an enrichment in
other cell populations, but the purity of the collected fractions is notoriously lower. Some
researchers have improved the purity of the spermatocyte populations by using prepuberal
animals whose testes are devoid of round spermatids - a common contaminant of pachytene
fractions when using adult testis - for centrifugal elutriation (Rossi et al., 2004).
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Figure 4. Representation of an elutriator (after Meistrich, 1977).

The sequential use of two different separation techniques such as centrifugal elutriation
and equilibrium density centrifugation on Percoll gradients has been described (Meistrich et
al., 1981; Bucci et al., 1986). This highly increases the purity of the collected cell
populations but, again, the additional time and handling involved make it unsuitable for
delicate gene expression studies.

A different method that can be used for the obtainment of spermatogenic stage-specific
cell populations is cell sorting. Several laboratories have used flow citometry of testicular cell
suspensions for the identification of cell subpopulations either for basic research or for
clinical diagnostic purposes. DNA (or other components) has been stained with a fluorescent
dye, and the cells have been classified based on the differences in DNA content in the C, 2C
and 4C populations (e.g. Clausen et al., 1982; Janca et al., 1986; Aravindan et al., 1990;
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Hittmair et al., 1992; Kostakopoulos et al., 1997; Aslam et al., 2002; Wistuba et al., 2003;
Neubauer et al., 2004). Others used DNA content and cell size simultaneously for
classification [dual parameter flow cytometry (Vigodner et al., 2003)]. In some cases, the cell
subpopulations were sorted afterwards (e.g. Grogan et al., 1981; Van Kroonenburgh et al.,
1985; Petit et al., 1995; Lasalle et al., 1999). Malkov et al. (1998) have described the use of
four-parameter flow cytometry (DNA content, cell size, nuclear size, and cell complexity) for
the characterization of the testicular developmental schedule of the rat and its comparison to
that of the mouse, using a FACS machine (fluorescence-activated cell sorter).

In our laboratory we have recently started to separate early meiotic prophase cells
(leptotene/zygotene) from Cavia porcellus (guinea pig) by FACS, in order to conduct gene
expression studies in those early stages. Although important genes whose products are
involved in synapsis and recombination are presumably expressed during early meiotic
prophase, very little knowledge about those stages is available up to now due to their short
duration in the studied mammalian models and, as a consequence, the difficulty to obtain
highly enriched cell populations (As previously mentioned, only pachytene spermatocytes,
round spermatids and elongated spermatids can be obtained with relatively high purity levels
by elutriation). It has been shown in our laboratory that early meiotic prophase stages are
unusually long in guinea pig; thus, the proportion of cells that can be found at a certain
moment in those stages is much higher than in any other studied Mammal (Rodriguez and
Wettstein, 2004). In a work to be published elsewhere, we have proved that early meiotic
prophase cells in guinea pig can be resolved as a discrete peak and sorted with a very high
purity level by FACS (Rodriguez et al., manuscript in preparation).

In our experience, the use of high performance FACS machines allows the obtainment of
high amounts of testicular purified cell populations in a short time. The obtained cell
populations are almost totally pure (our laboratory, unpublished results), and the purity of the
collected samples can be assessed by re-sorting of an aliquot if desired (Purity of the cell
populations has become a especially important issue nowadays, since the most commonly
used methods for studying gene expression - mainly RT-PCR-based - are very sensitive and,
therefore, contaminant cells could cause misleading results). Moreover, any testicular cell
population can be purified as long as it can be individualized in the dot plots (or a cell type-
specific antibody is available). Another advantage of FACS is that since it is multi-purpose
equipment, it is more frequently available at research institutions than an elutriator. We have
found that the precise identification of the testicular cell subpopulations together with the
advantage of efficiently separating them by FACS represents a powerful tool for studying
mammalian spermatogenesis at the molecular level.

GENE EXPRESSION DURING MAMMALIAN
SPERMATOGENESIS: PARTICULAR TRAITS

Recent progress in molecular biology techniques has encouraged investigations of
complex biological processes such as mammalian spermatogenesis. Although this process is
still poorly understood at the molecular level, an increasing number of genes related to the
developmental stages of the testis are being identified. The advances are mainly a result of
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the combination of the different strategies for studying specific testicular cell populations
(use of total testis samples from animals at different stages of sexual maturity or purified
germ cell populations) with techniques for differential gene expression analysis such as
subtractive hybridization, differential display, and especially microarray studies.
Furthermore, targeted mutagenesis in mice provides a good way of addressing the
contribution of individual genes to spermatogenesis. The amount of genes identified up to
now as differentially or specifically expressed during meiosis and spermiogenesis is very
large and cannot be listed here (lists of testis-specific and/or differentially expressed
transcripts along spermatogenesis can be found in Rossi et al., 2003; Schultz et al., 2003; Yu
et al., 2003; Almstrup et al., 2004; Maratou et al., 2004; Schlecht et al., 2004; Shima et al.,
2004, and others). Besides the identification of a high number of genes, large-scale
transcriptional profiling experiments have started to yield insight into the overall gene
expression patterns associated with normal germ cell differentiation.

What follows only seeks to be an enumeration of some of the particular characteristics —
many of them quite peculiar - of mammalian spermatogenesis in relation to gene expression
patterns, arisen from those studies.

1. Testis is a very complex organ in terms of gene expression, based on the high number
of genes that would be involved in testis development and/or spermatogenesis (50% of the
murine genome would be expressed during testis development according to Shima et al.,
2004; 58% according to Schultz et al., 2003).

2. Around 30% of the murine genome appears as differentially expressed during
testicular development (Shima et al., 2004), meaning that the testis would express a higher
number of genes than most other tissues in a specific or differential way; this again, is
indicative of the testicular complexity. Some examples of testis-specific genes are those
coding for synaptonemal complex components (Meuwissen et al., 1992; Lammers et al.,
1994; Offenberg et al., 1998; Costa et al., 2005), and for transition proteins (reviewed in
Meistrich et al., 2003) and protamines (reviewed in Oliva, 2006), the two groups of basic
proteins that sequentially replace histones during chromatin condensation in elongating and
elongated spermatids.

3. Pachytene spermatocytes and round spermatids exhibit the highest number of specific
transcripts in the testis (Schultz et al. 2003; Shima et al. 2004). The fact that so many genes
are exclusively expressed in the male germ line provides a vast number of potential targets
for germ cell-directed contraception, since inhibitory drugs would be expected to have few
side effects (Schultz et al. 2003).

4. Among testicular somatic cells, spermatogonia would be the cell type expressing the
smallest number of specific transcripts (Schultz et al. 2003; Shima et al. 2004). A large
portion of Sertoli cell-specific transcripts are expressed coincidentally with meiosis, with
very few transcripts showing elevated expression earlier or later in testis development; this
suggests that many of the Sertoli cell transcripts would be involved in the adaptation of these
cells to the newly forming germ cells (Shima et al. 2004). Leydig cells exhibit a number of
specific transcripts that correspond to genes involved in steroidogenesis. Finally, myoid cells
would have the greatest number of enriched and specific transcripts of the somatic testicular
cells, especially during the early postnatal stages. This indicates that these cells would have a
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more important role in relation to seminiferous tubules formation and spermatogenesis than
originally thought (Shima et al. 2004).

5. Testis and brain exhibit the highest similarity of gene expression patterns among 17
studied tissues (Guo et al. 2003). This would support the notion that testis and brain share
some particular correlation (and perhaps some regulatory mechanisms), with important
possible implications for human speciation and sexual selection (Wilda et al., 2000).

6. Testis has an unusually high number of tissue-specific alternative transcripts, which
would be generated by the use of alternative promoters (Huang et al., 2005), alternative
polyadenilation sites (Wallace et al., 1999), and mainly alternative splicing (reviewed in
Kleene, 2001, Venables, 2002 and Elliott and Grellscheid, 2006). In fact, genome-wide
analyses of expressed sequence tags (ESTs) have shown that testis would be one of the
tissues with the highest levels of alternative splicing (Xu et al., 2002; Yeo et al., 2004). In
our experience, when searching for testicular differentially expressed genes, we very often
isolate cDNAs corresponding to previously unidentified (presumably testis-specific) splice
variants of already known genes; frequently even no ESTSs for those alternative transcripts are
present in databases (unpublished results). An important number of the alternative transcripts
encode spermatogenic-specific protein isoforms. Among these are isoforms for metabolic
enzymes (e.g. Rossi et al., 2004), histones (reviewed by Govin et al., 2004), chaperones
(Eddy, 1999), lamins (Furukawa and Hotta, 1993; Furukawa et al., 1994; Nakajima and Abe,
1995) and transcription factors such as the spermiogenesis-specific factor CREB (reviewed in
Kimmins et al. 2004). On the other hand, a compared mapping of alternative splice sites in
mouse and human showed that species-specific alternative splicing is more frequent in the
testis than in other tissues; if conservation is used as a surrogate for functional significance,
then testis could be the tissue with the highest non-functional splicing (Kan et al., 2005).

Concerning the use of alternative promoters, it is important to point out that germ line
cells exhibit a marked preference for the use of TATA-independent promoters (Kleene,
2001).

7. A striking trait of spermatogenic cells is the unusually high levels of translational
repression. One of the mechanisms employed for translational repression in meiotic and post-
meiotic cells is mMRNA sequestration as free ribonucleoprotein particles (RNPs), and their
shift to polysomes at the moment of translation (Iguchi et al., 2006). Some spermatogenic
transcripts exhibit upstream open reading frames (UORFs), a strategy usually considered to
reduce the rate of translation (reviewed by Lovett and Rogers, 1996 and Vilela and
McCarthy, 2003), while some others repress translation by regulating the length of their
poly(A) tails (translational repression in spermatogenic cells has been vastly reviewed by
Kleene, 2001, Kleene, 2003 and Elliott, 2003). A good example of translational repression is
represented by the mMRNAs for protamines 1 and 2; those MRNAs are translationally inert in
round and early elongating spermatids, and translated seven days after transcription, in
elongated spermatids (Kleene, 1989). Due to translational repression most of the mRNAS in
meiotic and haploid cells appear to be over-expressed, since the levels of protein are low
relative to MRNA levels (Kleene, 2001).

8. Testis expresses an extremely high number of tissue-specific RNA-binding proteins.
These include specific translation factors, proteins involved in translational repression and
activation (Kwon and Hecht 1993; Giorgini et al., 2001; Giorgini et al., 2002; Kleene, 2003;
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Elliott and Grellscheid, 2006), and specific components of the splicing machinery (Venables
and Eperon, 1999; Elliot and Grellscheid, 2006). These latter would account for the high
levels of testis-specific splicing, and at least some of them would possibly bind RNA through

testis-specific mechanisms (Skrisovska et al., 2007).

tBC2-9 GGGGTTGGGGATTTAGCTCA-GTGGTAGAGCGCTT--GCCTAGGAAGCGCAAGGCCCTGG

tBC2-22 GGGGTTGGGGATTTAGCTCA-GTGGTAGAGCGCTT--GCCTAGCAAGCGCAAGGCCCTGG

tBC2-15 GGGGTTGGGGATTTAGCTCA-GTGGTAGAGTGCTT--GCCTAGGAAGCGCAAGGCCCTGG

tBC2-13 GGGGTTGGGGATTTAGCTCA-GTGGTAGAGCGCTT--ACCTAGGAAGCGCAAGGCCCTGG

tBC2-2 GGGGTTGGGGATTTAGCTCA-GTGGTAGAGCGCTT--GCCTAGCAAGCGCAAGGCCCTGG

tT3-3 GGGGTTGGGGATTTAGCTCA-GTGGTAGAGCGCTT--GCCTAGGAAGCGCAAGGCCCTGG

tT3-6 GGGGTTGGGGATTTAGCTCA-GTGGTAGAGCGCTT--GCCTAGGAAGCGCAAGGCCCTGG

tT3-13 GGGGTTGGGGATTTAGCTCA-GTGGTAGAGCGCTT--GCCTAGGAAGCGCAAGGCCCTGG

tT3-1 GGGGTTGGGGATTTAGCTCA-GTGGTAGAGCGCTT--GCCTAGCAAGCGCAAGGCCCTGG

tT3-17 GGGGTTGGGGATTTAGCTCAGTTGGTAGAGCGCTT--GCCTAGGAAGCGCAAGGCCCTGG

BC1 GGGGTTGGGGATTTAGCTCA-GTGGTAGAGCGCTT--GCCTAGCAAGCGCAAGGCCCTGG
**x K

probe GTTCGGTCCCCAGCTCCG-————————— === m e —
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Sequence 1: probe 78 bp

Sequence 2: tBC2-2 115 bp Accession number: U25028

Sequence 3: tBC2-9 115 bp Accession number: U25467

Sequence 4: tBC2-13 98 bp Accession number: U25470

Sequence 5: tBC2-15 123 bp Accession number: U25468

Sequence 6: tBC2-22 109 bp Accession number: U25031

Sequence 7: tT3-1 75 bp Accession number: U25496

Sequence 8: tT3-3 75 bp Accession number: U25507
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Figure 5A. Analysis of ID expression pattern in the rat by Northern-blot. A 5" consensus 78 bp
sequence which is common to BC1, BC2 and T3 RNAs was used as a probe. A. A sequence alignment
of the probe with BC1 and any five BC2 and T3 clones from Genbank made with ClustalW is shown.
The BC1-specific probe used by Muslimov et al. (2002) was complementary to the 60 3"-most
nucleotides of BC1 RNA.
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9. Testicular cells transcribe high levels of non-coding polyadenylated RNAs (Kleene,
2001). A group of such RNAs in rodents is composed of ID (“Identifier”) elements (Sutcliffe
et al., 1984). These constitute a family of short interspersed repetitive elements (SINESs) that
are transcribed by RNA polymerase Il in a tissue-specific way mainly in brain, where they
have been proposed to be related to the regulation of neuronal-specific gene expression
(McKinnon 1986). However, ID expression has been also detected in some other tissues such
as testis (Kim et al., 1995). Muslimov et al. (2002) have analyzed the expression pattern of
BC1 - proposed as a master gene for ID repetitive elements, although this role has been
recently controverted (Johnson and Brookfield, 2006) — in the murine testis by in situ
hybridization with a BC1-specific probe. They have demonstrated that BC1 was expressed in
the murine testis, especially in spermatogonia, and hypothesized that it could be participating
in the mediation of translational control in the syncytial ensembles of cells; BC1 RNA
expression levels decreased during meiosis, with negligible amounts in round spermatids.
Using a consensus DNA sequence for the ID family members as a probe (Figure 5A), we
have studied the transcription pattern of ID elements in different tissues of the rat by
Northern-blot. Our results show that ID transcripts are present at the highest levels in the
brain, followed by testis (Figure 5B). A lower signal was detected in ovary. Expression was
not detectable in the other analyzed tissues after overnight exposures, although a low signal
was visible in almost every tissue after a five-day over-expossure (not shown). Within the
testis, ID RNA was detectable in purified pachytene spermatocytes, round spermatids and in
whole testis as well (Figure 5C). The different testicular expression patterns of BC1 RNA
alone and of total ID elements suggest that maybe different roles could exist for the different
ID family members in the testis.
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Figure 5(B,C,D,E). Analysis of ID expression pattern in the rat by Northern-blot. A 5" consensus 78 bp
sequence which is common to BC1, BC2 and T3 RNAs was used as a probe. B. Analysis of the
expression pattern in different tissues. C. Analysis in whole testis and highly enriched testicular cell
populations separated by elutriation. The hybridization pattern, visualized as spots instead of bands,
reflects the size heterogeneity of the different family members. The position of 18S rRNA in B and C is
shown. D and E show the ethidium bromide stained agarose gels to document that all lanes were
equally loaded.



112 Adriana Geisinger

Although the reasons why the patterns of gene expression during testicular cell
differentiation differ so greatly from those in most tissues are poorly understood, these
peculiar patterns are usually attributed to important functions in spermatogenesis. Kleene
(2005) has suggested that the atypical expression patterns could be explained in light of the
powerful selective pressures that influence male reproductive success, known as sexual
selection. Sexual selection would be characterized by intense competition of males for
females, an enormous variety of the strategies to maximize male reproductive success,
exaggerated male traits at all levels of biological organization, co-evolution of sexual traits in
males and females, etc.

The sequential replacement of histones with transition proteins and protamines allows
DNA compaction of the round spermatid nucleus to a volume of about 5% of that of a
somatic cell nucleus (Sassone-Corsi, 2002). That amazing compaction - together with nucleus
reshaping and cytoplasm elimination - produces a decrease in hydrodynamic resistance that
enhances motility, thus contributing to facilitate the sperm journey (Allen et al., 1996). The
large number of spermatogenic-specific metabolic enzymes (e.g. Rossi et al., 2004) could be
related to supplying ATP to the sperm flagellum (Besides, since the testes are descended in
Mammals, testis-specific enzyme isoforms could accommodate better to testicular
temperature).

X-chromosome is transcriptionally inactivated in male meiosis as a mechanism to avoid
recombination between X and Y-chromosomes (reviewed in Turner, 2007). The
transcriptional inactivation of the X-chromosome would lead to the selection of autosomal
genes to replace the functions of X-linked genes (e.g. McCarrey and Thomas, 1987; Wallace
et al., 1999; Elliot et al., 2000).

The atypical importance of post-transcriptional regulation could be related to the design
of a strategy to regulate protein synthesis in cells that do not transcribe (elongating and
elongated spermatids, after histone replacement). The high levels of alternative splicing
would account for the huge amounts of novel tissue/cell type-specific proteins. Specially,
post-transcriptional regulation would select for novel, testis-specific RNA-binding proteins
(Kleene, 2001). According to Elliott and Grellscheid (2006), an increase in alternative
splicing might be one of the mechanisms that contribute to the development of sophisticated
and rapidly evolving metazoan tissues and, due to sexual selection, testis evolves very fast
(also brain is a rapidly evolving tissue). Another advantage of post-transcriptional regulation
mechanisms is that they are acutely sensitive and can respond fast to environmental changes,
as required in reproductive systems (Elliott, 2003).

CONCLUSION

Testis is a relatively unique tissue because it is the site of an extensive adult
developmental process. Male germ cell development continues during the entire life, and the
pathway involves the coordinated division and differentiation of huge numbers of cells. Germ
line cells have some exclusive traits: they are the only cells in the body that undergo meiosis,
the cells that result from meiosis have a haploid and individually reorganized genome and,
most importantly, are able to give rise to totipotent diploid zygotes. Three individual
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programs of gene expression take place during mammalian spermatogenesis in an
overlapping and coordinated way, and changes in gene expression occur in intimate
association with testicular somatic cells.

The developmental and differentiation programs that lead to the production of
mammalian male germ cells are still poorly understood at the molecular level due to some
difficulties they present for their study, mainly tissue heterogeneity. As a consequence of that
heterogeneity, the availability of methods to allow the assignment of certain transcripts to
specific cell types is required. Basically two approaches have been used: the comparison of
expression patterns using whole testes from animals at different stages of sexual maturity,
and the use of highly enriched cell populations. Unfortunately, none of these strategies for
studying gene expression in such a complex system meets all the requirements, since both
approaches have advantages and drawbacks. A good approach would be one to allow the
obtainment of big amounts of highly purified cell populations in the shortest possible time, to
ensure good preservation of delicate macromolecules. In that sense, we consider that the use
of high-performance cell sorting combined with a fast and reliable method for the preparation
of testicular cell suspensions can be the most suitable strategy developed up to now as a first
step for differential gene expression studies in male stage-specific germ line cells.

A number of laboratories have recently approached the study of mammalian male germ
cell differentiation using the modern available techniques for gene expression analyses. The
studies are revealing testis as a very interesting system because of the peculiarities it presents
in comparison to somatic tissues. However, much remains to be learned about the function of
the investigated genes. Particularly, the similarities in expression patterns between testis and
brain are intriguing and should deserve further study. A deeper understanding of the
molecular processes that regulate gene expression during spermatogenesis is essential for the
comprehension of the normal functioning of the male reproductive system in Mammals, as
well as for the treatment of testicular pathologies.
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ABSTRACT

So far there are only few works concerning changes in male reproductive system
after extremal hypoxic and ischemic influences. In the current study we have investigated
the state of spermatogenesis of white male rats after modeling of clinical death and acute
hypobaric hypoxia. It has been demonstrated that the observed impairment and death of
the considerable part of germ cells as well as Sertoli cells and Leydig cells was due to
increased production of free radicals. The level of free-radical oxidation was higher in
the early reperfusion period than in the early post-hypoxic period. It has been found that
lactate intratesticular level decreased during first hours after clinical death modeling
whereas it elevated after acute hypobaric hypoxia modeling; it provided the more
expressed preservation of germ cells in the second case. By the 21% day of the both
experiments the tendency towards the increase in number of germ epithelial cells as well
as Leydig and Sertoli cells has been revealed yet by the 60" day of the observation the
cellular picture of the testicles has not been fully recuperated (compared to the intact
animals). The low intensity of the processes of cell division and maturation in the late
post-reanimation and post-hypoxic periods is obliged to the small number of both Sertoli
and Leydig cells, as these cells provide metabolic and hormonal support of
gametogenesis. . The found disorders of spermatogenesis lead to qualitative and
guantitative changes of ejaculate indices.
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INTRODUCTION

Spermatogenesis is the complex cyclic process of cells transformation that [process]
takes place in the coiled seminiferous tubules of testes of mammalian males. During
spermatogenesis the germ cells proliferate and mature being sequentially spermatogones,
spermatocytes, early and late spermatids and spermatozoids [17,18,29]. The full series of
morphological changes observed between an appearance of two identical cells associations in
a same part of a seminiferous tubule is called "spermatogenous epithelium cycle"; the cells
associations are called "'stages of the cycle" [44]. As the rate of development of a germ cell is
constant throughout spermatogenesis, the different generations of spermatogenous epithelium
mature consecutively, with a constant rate for each stage. As a result, the length of
spermatogenous epithelium cycle equals invariably to 12,9 days in rats [15,63].

According to Huckins C. [38], spermatogenous epithelium cycle may be represented
from periodical formation of spermatogones A, and the subsequent development. The
differentiation of generations of spermatogones A, takes place every 13 days; this
differentiation results in formation of spermatogones B. The B cells undergo division forming
preleptotenic spermatocytes which continue to evolve through the second cycle;
simultaneously, the second generation of spermatogones A, emerges from the non-
differentiated generation of spermatogones A. After the next 13 days the group of
preleptotenic spermatocytes matures into pachytenic spermatocytes; the second generation of
cells A, completes the spermatogonial differentiation forming spermatogones B;
simultaneously, the third generation of spermatogones A, is formed and so on. The fully
developed spermatogenous epithelium four identical cycles.

It was established, that the time-length of development of spermatogenous epithelium is
stable and species-specific [58]. The total length of the whole process of spermatogenesis is
48 days in rats [33].

It has been shown lately that the preservation of amount of germ cells is achieved via the
balance between processes of cells proliferation and elimination by means of apoptosis
[18,19,62]. Sertoli cells play the important role in governing these processes: they produce
pro- and anti-apoptotic agents and germ cells with energy and material substances
[29,48,55,71,26,42,56,60]. Lactate is one of the main substances which are produced by
Sertoli cells: it is used, first of all, by the cells of spermatogenous epithelium for ATP
synthesis [60,30,52,6]. K. Erkkilé et al (2002) demonstrated that lactate plays the important
role in regulation of apoptosis in testicular tissue, supporting cells survival.

The researches of recent years demonstrated that hypoxia, ischemia and subsequent
reperfusion cause the cascade of metabolic and structural changes which lead to impairment
and death of cells of essential organs and systems. So far, there are just few works concerning
changes in male reproductive system after the influence of acute hypobaric hypoxia and
clinical death with total ischemia [4,23,47]. The results of these works are quite
contradictory. There are no works where the estimation of spermatogenesis state would be
represented by a collection of several indices relevant for the reproductive system.

The objective of the current study is to investigate the state of spermatogenesis and
possible mechanisms of its impairment in extremal hypoxic and ischemic conditions.
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MATERIALS AND METHODS

The study was performed on 336 white male outbred rats with body weight 180-230
grams. The experimental group was comprised of 306 animals which were studied for
spermatogram indices and some biochemical indices of testicular tissue after modeling of
acute hypobaric hypoxia and clinical death at 40 min and days 1, 3, 7, 14, 21, 30, 45, 60.

The control group was composed of intact animals (30), that were studied similarly
except for acute hypobaric hypoxia and clinical death modeling. It was found that indices
studied did not differ at different times of observation.

Modeling of Acute hypobaric Hypoxia

Modeling of acute hypobaric hypoxia was performed in a pressure chamber. The rats
were placed into the microenvironment corresponding to atmospheric "elevation” up to
11500-12000 meters. The rats stayed at this "area of death" until the appearance of agonal
breathing [46].

Modeling of Clinical Death

The clinical death was modeled in narcotized animals (intraperitoneal injection of
Aethaminalum-natrium, 25 mg/kg) by means of complete cross-clamping of cardiac vascular
fascicle; after that the closed-chest cardiac massage and artificial pulmonary ventilation had
been performed until the natural breathing and cardiac activity were restored [43].

Determining amount of Spermatozoids in Testicular Tissue

A suspensions of testicular cells was prepared in a glass homogenizer from 100 mg of
wet testicular tissue, with an addition of 1 ml of phosphate buffer (pH=7,4). The suspension
obtained was diluted 1:10. Amount of spermatozoids was then counted in Goryaev's chamber
as follows:

X=(A/2)x10’
where
X —amount of spermatozoids in 1 g of testicular tissue;
A- amount of spermatozoids in 5 big squares of Goryaev's chamber.

Cytological Examination

The quantitative cytological technique [39] was used for estimation of a state of
spermatogenesis: smears of suspension of testicular tissue were prepared and stained
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according to Romanovsky. Identification and counting (up to the total number of 500) of
different types of spermatogenous epithelium and Sertoli and Leydig cells were done in light
microscopy in order to get a spermatogram — percentages of different types of testicular cells.
The amount of spermatogenous epithelium cells in 1 g of testicular tissue was calculated via
proportions, using data of spermatozoids count in Goryaev's chamber.

Gaining Ejaculate

Ejaculate was obtained by the technique of electric stimulation of seminal hillock via
rectal mucosa [65]. Parameters of the electric stimulation: amplitude 2,5 - 6 V, frequency 0,8
— 1 Hz, an impulse length 0,1 - 0,5 ms, stimulation length up to 120 s, an impulse shape —
rectangular.

The stimulation was performed in morning hours in order to exclude the influence of
circadian fluctuations of sex hormones.

Determining Quantitative and Qualitative Indices of Spermatogram

Ejaculate collected was placed in 2 ml of medium #199 at 37°C and then diluted tenfold.
An amount of spermatozoids was counted in 5 big squares of Goryaev's chamber. The
following spermatozoids was counted separately: with progressive movements
(normokinesis), with vibratory movements (hypokinesis) and motionless spermatozoids
(akinesis).

The calculations were made according to the following formula:

X =Ax10°
where
A - amount of spermatozoids in 5 big squares of Goryaev's chamber;
X — total amount of spermatozoids in ejaculate.

Determining Lactate and Pyruvate Levels in Testicular Tissue

The levels of lactate and pyruvate in testicular tissue were detected by enzymatic
technique employing lactate dehydrogenase [5]. The amount of lactate was calculated from
the level of synthesized NADH, the amount of pyruvate was calculated from the decrease of
NADH registered on a spectrophotometer at 340 nm.

Lactate and pyruvate amounts were expressed as umol per 1 g of tissue.
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The Chemiluminescence Technique of Detecting free Radical and
Antioxidative Activity

The presence of free radicals in testicular tissue was detected by the chemiluminescence
technique [16]. The technique is based on the fact that the catalytic decomposition of H,0,
takes place in the mixture of H,O, and ferric sulfate due to the presence of Fe?* ions (Fenton's
reaction). The formed free radicals participate in the activation of free radical oxidation in a
biological substrate which leads to formation of the instable tetroxide; the latter decays and
emit photons that are registered on the apparatus BCL-06. The informative indices are: | max
(mV) — the maximal intensity of luminescence of the experimental sample, which reflects the
free radical activity of the sample; summary chemiluminescence during the certain time-span
(S), which reflects the general activity of anti-oxidative defensive systems.

The data obtained was processed using Mann-Whitney U test. The differences were
believed to be significant at p < 0,05.

RESULTS

The Influence of Acute Hypobaric Hypoxia on white Male Rats
Spermatogenesis

Cytological Study of Testicles of white Male Rats at Different Times after
Hypoxia

At the 40" minute after acute hypobaric hypoxia modeling the amount of all types of
germ epithelium cells did not differ significantly compared to the levels in intact animals
(Figure 1).

Beginning the 3" day, the decrease of all types of germ epithelium cells was observed.
Starting the 21% day, a some elevation of number of all germ cells was registered, yet it did
not reach those levels in intact animals even by the 60" day of the experiment.

Spermatogones. Amount of spermatogones at the 1% day of the experiment did not differ
from that in intact animals. By the 3™ day their amount decreased more than ten-fold and
were minimal at the 14" day.

Spermatocytes. By the 24 hour after modeling of acute hypobaric hypoxia amount of
spermatocytes was twice of that in intact animals, yet it decreased substantially at the 3 day.
There were 5,4 + 0,4 millions of spermatocytes in experimental animals by the 14" day
(132,2 + 7,5 millions in intact animals).

Early and late spermatids. Decrease of amount of early and late spermatids was noted by
the 1% day of the experiment. There were no early spermatids at the 14" day of the
experiment and the amount of late spermatids was diminished more than 90-fold.

Spermatozoids. The average amount of spermatozoids in intact animals was 81,0 + 1,6
millions per 1 gram of wet tissue. By the 3 day of the experiment the amount of
spermatozoids decreased more then twice: down to 32,0 + 1,7 millions. Afterwards the
amount of spermatozoids continue to decrease and became minimal by the 14™ day of the
experiment - 12,5 + 0,8 millions, that was 6-fold lower than in intact animals. Beginning the
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21° day of the experiment the amount of spermatozoids starts to raise. However, the amount

of spermatozoids was 39,0 + 1,2 millions by the 60" day, i.e. two-fold lower than in intact
animals.
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Figure 1. Amounts of cells of spermatogenous epithelium at different times after acute hypobaric
hypoxia modeling.

In addition to spermatogenous epithelium cells, we identified and counted Sertoli cells
(nuclei) and Leydig cells (Figure 2).
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Figure 2. Amounts of Sertoli cells and Leydig cells in testicles of white male rats at different times after
acute hypobaric hypoxia modeling.
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Sertoli cells. The amount of Sertoli cells per 1 gram of testicular tissue was 42,4 + 1,8
millions in intact animals. Beginning the 3™ day of the experiment, the amount of Sertoli
cells in testicular tissue decreased significantly and remained low till the end of observation
period.

Leydig cells. The amount of Leydig cells, which are the main producers of testosterone in
testicles, decreased significantly beginning the 3" day of post-hypoxic period. By the 14"
day of the experiment Leydig cells was found in testicles of just 20% of experimental
animals. Afterwards the gradual elevation of number of Leydig cells was noted. However,
their amount was 5,8-fold lower than in intact animals even by the 60" day of observation.

Concentrations of Glycolysis Substrates in Testicular Tissue after Modeling of
Acute Hypobaric Hypoxia

Concentrations of pyruvate and lactate in testicular tissue of intact animals were 4,20 +
0,2 and 0,26 + 0,02 umol per 1 gram of tissue, respectively. By the 40" minute after
modeling of acute hypobaric hypoxia the lactate and pyruvate concentrations raised by 19%
and 40%, respectively (Figure 3.).
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Figure 3. Concentrations of glycolysis substrates (% from the concentrations of the same substrates in
intact animals) in testicular tissue of white male rats at different times of post-hypoxic period.

By the 1% day of observation the lactate level was decreased whereas the pyruvate level
continued to grow. At the 7" day of post-hypoxic period the level of lactate decreased by
almost 90% whereas the pyruvate concentration elevated more than 5-fold compared with
control data. Beginning the 14" day, the gradual decrease of the pyruvate level was noted. By
the 45" day of the experiment its concentration was close to the initial value. An increase of
the lactate level was found at the 30" day of the experiment. However, at the 45" and 60"
days of the experiment the lactate concentrations were significantly lower than in intact
animals.
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Activity of free Radical Oxidation and Anti-oxidative System in Testicular
Tissue after Modeling of Acute Hypobaric Hypoxia

Our researches demonstrated that the activity of free radical oxidation was high at 40"
minute and at 1% and 3™ days of post-hypoxic period (Figure 4). At the 7" and 14" days the
levels of free radical oxidation were not different from those in intact animals. At the 21 and
30" days a some increase of chemiluminescence was noted.
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Figure 4. Activity of free radical oxidation in testicular tissue of white male rats at different times after
modeling of acute hypobaric hypoxia. (Imax — the peak value of chemiluminescence intensity).
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Figure 5. Activity of anti-oxidative system in testicular tissue of white male rats at different times after
modeling of acute hypobaric hypoxia (S — area under the curve of chemiluminescence against time; 1/S
— the reverse index, reflecting activity of anti-oxidative system).
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From the 40" minute till the 3" day of post-hypoxic period the index of light sum of
chemiluminescence was high which fact indicated the low activity of anti-oxidative system in
testicular tissue. Beginning the 7™ day of the experiment the activity of anti-oxidative system
increased somewhat, yet it did not reach the level of intact animals by the 60" day of the
experiment (Figure 5).

Quantitative and Qualitative Changes of Spermogram at Different Times
after Modeling of Acute Hypobaric Hypoxia

The research qualitative characteristics of spermatozoids in ejaculate and their motility
began 24 hours after modeling of acute hypobaric hypoxia.

The quantitative and qualitative changes of spermogram in post-hypoxic period were
compared with the same indices of ejaculate of the group of intact (control) animals. The
sperm of intact male rats is characterized by high concentration of spermatozoids in a limited
volume of ejaculate and their high motility. The amount of spermatozoids in ejaculate of
intact rats was 19,3 + 0,37 millions, the percentage of mobile gametes was 70,8 + 1,8%,
progressive movements were registered in 42,9 + 1,6% of cells.

The analysis of qualitative changes of spermograms in post-hypoxic period revealed the
significant decrease of total amount of spermatozoids in ejaculate of male rats: at the 1% day
after modeling of acute hypobaric hypoxia the amount of sex cells decreased 3-fold and was
6,9 £ 0,5 millions. Afterwards, the amount of spermatozoids in ejaculate continued to
diminish (Figure 6).
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Figure 6. Total amount of spermatozoids in ejaculate of white male rats at different times after
modeling acute hypobaric hypoxia.

The minimal amount of sex cells in ejaculate was registered at 30" day of the experiment
(2,9 £ 0,3 millions).
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The amount of spermatozoids in ejaculate began to raise at the 45" day after hypobaric
hypoxia influence and reached 7,0 + 0,3 millions by the 60" day, that was approximately 3-
fold lower, than in intact animals.

The total amount of spermatozoids and of their mobile pool were decreased (Figure 7).

By the end of the observation period the amount of mobile spermatozoids was just 3,8 +
0,3 millions, i.e. 3,6-fold lower than in intact animals.
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Figure 7. The total amounts of mobile and immobile spermatozoids in ejaculate of white male rats at
different times after modeling of acute hypobaric hypoxia.
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Figure 8. Absolute amounts of spermatozoids with progressive and vibratory movements in ejaculate of
white male rats at different times after modeling of acute hypobaric hypoxia.
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By the end of the observation period the proportion between mobile and immobile sex
cells had not completely restored.

We analyzed the dynamics of change of absolute amounts of spermatozoids with
progressive and vibratory movements (Figure 8).

The figure 8 demonstrates that during the whole experiment the total number of cells
with both progressive and vibratory movements was significantly decreased. It is important to
note, that in contrast to intact animals, at all times of the observation after modeling of acute
hypobaric hypoxia the spermatozoids with vibratory movements prevailed in ejaculate of
white male rats.

State of Spermatogenesis of white Male Rats after Modeling of Clinical
Death

Cytological Study of Testicles of white Male Rats at Different Times of Post-
reanimation Period

The experiments demonstrated that at 40" minute after modeling of clinical death the
spermatograms of experimental and intact animals were the same (Figure 9).
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Figure 9. Amounts of cells of spermatogenous epithelium at different times after clinical death
modeling.

However, beginning the 1* day of the experiment, the absolute numbers of all types of
testicular cells decreased significantly.

Spermatogones. At the 1% day the amount of spermatogones was diminished almost 15-
fold compared to the control data. The minimal amount of spermatogones was noted at the
14" day of the experiment (0,3 + 0,04 millions). Beginning the 21 day of the observation the
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amount of spermatogones began to raise, yet it remained significantly reduced up to the end
of the experiment.

Spermatocytes. At the 1% day of reperfusion the absolute number of spermatocytes was
reduced more than 30-fold. The minimal amounts of spermatocytes were noted by the 7" and
14" days: 2,6 + 0,1 millions and 2,0 + 0,1 millions, respectively. Beginning the 21 day of
the experiment we observed somewhat increase of number of spermatocytes, yet even by the
60" day of the observation their amount was almost 10-fold lower than in intact animals.

Early and late spermatids. The decrease of absolute amount of these cells was found at
the 1% day of the experiment. There were no early spermatids in smears of testicular tissue
suspension at 7" and 14" days. Afterwards a some raise of amount of spermatids was
observed. However, the absolute amounts of these cells did not reach the intact levels by the
end of observation period.

Spermatozoids. The sharp diminution of the amount of spermatozoids was noted at the 1%
day of the experiment. Afterwards the absolute amount of spermatozoids in testicular tissue
continued to diminish and became 11,4 + 0,9 millions at the 14™ day. Beginning the 21 day
of the post-reanimation period the gradual elevation of the amount of spermatozoids was
registered. By the 60" day of the experiment the amount of spermatozoids was 32,9 + 2,1
millions, i.e. significantly lower than in intact animals.

Sertoli cells. The significant decrease of number of Sertoli cells in testicular tissue was
observed beginning the 1% day of the experiment (Figure 10); the absolute amount of Sertoli
cells diminished almost 40-fold by the 14™ day. A somewnhat increase of the amount of
Sertoli cells was noted between 21% and 60" days of the experiment, yet the amount of
Sertoli cells was significantly lower than in intact animals.
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Figure 10. Amounts of Sertoli cells and Leydig cells in testicular tissue of white male rats at different
times of post-reanimation period after modeling of clinical death.
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Leydig cells. The twenty-fold diminution of the amount of Leydig cells (down to 0,4 =
0,1 millions {8,1 £ 0,9 millions in intact animals}) was observed by the 1% day of the
reperfusion period. There were no Leydig cells in the smears of testicular tissue at 7" , 14"
21% and 30" days of the experiment. Leydig cells reappeared in the spermatograms by the
45" day, yet their amount was only 0,4 + 0,1 by the 60" day (Figure 10).

Concentrations of Glycolysis Substrates in Testicular Tissue after Modeling of
Clinical Death

The significant decrease of pyruvate and lactate levels in testicular tissue of white male
rats was noted at the 40" minute of reperfusion period (Figure 11). The lactate level increased
somewhat at the 1% day of reperfusion period, wet it was by 38% below the initial level. The
pyruvate level in testicular tissue increased and was significantly higher than in intact
animals.
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Figure 11. Concentrations of substrates of glycolysis (as % from intact levels) in testicular tissue of
white male rats at different times of post-reanimation period.

The concentration of lactate was minimal between 3" and 21 days of post-reanimation
period. The pyruvate concentration increased sharply; at the 14" day its concentration was
more than 5-fold higher than the initial level.

Beginning the 21% day the gradual decrease of pyruvate concentration was noted. At the
60" day of the observation the pyruvate concentration was 27% lower than in intact animals.

The elevation of lactate concentration was registered at the 30" day of post-reanimation
period; however, this elevation did not reach the level of intact animals by the end of the
observation period.

Activity of free Radical Oxidation and Anti-oxidative System in Testicular
Tlssue after Modeling of Clinical Death

Our researches indicated that at the 40" minute of reperfusion period and at the 1 and
3" days of post-reanimation period the intensity of chemiluminescence, reflecting the activity
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of free-radical oxidation, was twice as high as in intact animals (Figure 12). At the 7" and

14" days the indices of chemiluminescence intensity did not differ from the intact levels.

As it is shown at the Figure 13, from the 40" minute of reperfusion period till the 3" day
the reverse index of the light sum of chemiluminescence was low, which fact indicates the
low activity of anti-oxidative system in testicular tissue of rats subjected to 10 min of clinical
death. Beginning the 7" day of the experiment the activity of anti-oxidative increased
somewhat. However, even at 60" day of post-reanimation period the activity of anti-oxidative

system was significantly lower than in intact animals.
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Figure 12. Activity of free radical oxidation in testicular tissue of white male rats at different times after

modeling of clinical death. (Imax — the peak value of chemiluminescence, mV).
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Figure 13. Activity of anti-oxidative system in testicular tissue of white male rats at different times after

modeling of clinical death. (S — area under the curve of chemiluminescence against time; 1/S — the
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Quantitative and Qualitative Changes of Spermogram at Different Times of
Post-reanimation Period

The rats subjected to clinical death demonstrated more severe recuperation period than
the rats subjected to acute hypobaric hypoxia; besides, the rats subjected to clinical death
showed aggressive behavior afterwards.

The white male rats produced no ejaculate at the electric stimulation up to the 14" day of
the experiment. The analysis of spermograms demonstrated that the total amount of
spermatozoids in ejaculate at 14" day of post-reanimation period was significantly lower than
in intact animals: 4,3 + 0,4 millions and 19,3 £ 0,4 millions, respectively (Figure 14).
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Figure 14. Total amount of spermatozoids in ejaculate of white male rats at different times of post-
reanimation period after modeling of clinical death.

At the 21° day the amount of spermatozoids in semen decreased compared to the amount
at the 14™ day, and by the 30" day was 1,4 + 0,2 millions. At the 45" day the amount of
spermatozoids raised up to the 4,9 + 0,3 millions and remained so till the 60" day of the
observation (Figure 14).

It should be noted that the absolute amounts of mobile and immobile spermatozoids in
ejaculate of white male rats during post-reanimation period were drastically reduced (Figure
15).

By the end of the observation period the amount of mobile spermatozoids was 4,5-fold
lower than in intact animals. At the 14™ and 21% days of the experiment just one out of 7
experimental animals had spermatozoids with progressive movements in semen.

At the 30" day of the experiment there were no animals having spermatozoids with
progressive movements and there was a just one animal out of 7 having spermatozoids with
vibratory movements (Figure 16.).
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Beginning the 45™ day of the experiment a somewhat increase of number of mobile
spermatozoids was noted. Cells with vibratory movements prevailed in spermogram. There
was no complete recovery of all spermogram indices by the 60" day of the experiment.
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Figure 15. Absolute amounts of mobile and immobile spermatozoids in ejaculate of white male rats at
different times of post-reanimation period.
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Figure 16. Absolute amounts of spermatozoids with progressive and vibratory movements in ejaculate
of white male rats at different times of post-reanimation period.
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DiIsSCUSSION

Our researches revealed the definitive connection between extremal hypoxic and
ischaemic influences and disorders of spermatogenesis.

The most substantial changes in testicular tissue after modeling of acute hypobaric
hypoxia and clinical death were noted between 7" and 14" day, when there were no early
spermatids and Leydig cells in rats spermatograms.

At the 21% day of the experiment the tendency towards activation of spermatogenesis
appeared as somewhat elevation of numbers of cells of spermatogenous epithelium, that was
related to the beginning of a new stage of the cycle of development of cells of
spermatogenous epithelium [25]. It may be hypothesized the low rates of division and
maturation of sex cells between 21 and 60" day of the experiment were connected with
small numbers of Sertoli and Leydig cells in testicular tissue. Sertoli cells influence formation
of gametes by means of metabolic supply of cells of spermatogenous epithelium; they
participate in supporting integrity of hematotesticular barrier and maintain preservation of the
medium, enriched with potassium and bicarbonate, in testicular tubules, as such medium is
necessary for performing meiosis and completion of spermatozoids development [57,69].
Leydig cells are main producers of testosterone; a shortage of the latter leads to suppression
of meiotic division of spermatocytes and upsets their transformation into spermatids [59].

It is important to note, that more substantial changes of cells amounts in testicular tissue
were observed after modeling of clinical death. At all times of the observation the amounts of
spermatozoids predecessors (spermatogones, spermatocytes and spermatids) and Sertoli and
Leydig cells were significantly lower than after modeling of acute hypobaric hypoxia; that
fact is, probably, due to the decreased delivery of not just oxygen but also oxidation
substrates in ischemic conditions. In addition, it is known that development of pathological
changes in cells of ischemized organ is not restricted by the period of ischemia. Structural
and functional disorders progress even after restoration of blood flow. Reperfusion, being the
necessary condition of restoration of an organ viability, entails negative consequences as well
[27], leading to development of secondary hypoxia [64].

Notably, amount of spermatozoids in testicular tissue exceeded amount of late spermatids
during recovery period (beginning the 21% day), regardless of experimental model. Normally,
the amount of spermatozoids in testicular tissue is always less than the amount of late
spermatids due to elimination of defective spermatozoids and movement of mature
spermatozoids to epididymis [72]. It is known that spermatozoids formed are unable to move
themselves from testicle to epididymis and transferred with flow of liquid produced by
Sertoli cells [57,72]; the amount of the latter was significantly reduced in our experiments up
to the end of the observation period.

We demonstrated that the amount of Sertoli cells was decreased in post-reanimation
period to the greater extent than in post-hypoxic period; therefore, the processes of
spermatozoids movement from testicle to epididymis were slowed. It probably explains why
we did not find significant differences between amounts of spermatozoids in testicles after
modeling of clinical death and acute hypobaric hypoxia, beginning the 14" day.

In order to study mechanisms of changes of cellular composition of testicular tissue we
performed biochemical estimation of glycolysis state and activity of free radical oxidation
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system and anti-oxidative system in testicular tissue after modeling of acute hypobaric
hypoxia and clinical death.

The significant increase of concentrations of lactate and pyruvate in testicular tissue was
registered as early as at 40" minute after modeling of acute hypobaric hypoxia; this fact may
indicate glycolysis activation in testicular tissue due to suffered acute hypoxia.

It is interesting that at the 1% day of post-hypoxic period the amounts of spermatogones,
spermatozoids and Leydig cells and Sertoli cells in testicular tissue remained normal and the
amount of spermatocytes even increased. It is probably related to the membrane-stabilizing
effect of lactate (which concentration increased during first hours of post-hypoxic period) and
its ability to suppress processes of cells death, irrespective of levels of adenylic nucleotides
(ATP, ADP and AMP) in testicles [21]. It is also known that lactate is the main metabolic
substrate for spermatogones and, partially, spermatocytes; it activates division of the cells [6].
The drop of lactate concentration at 1% day after modeling of acute hypobaric hypoxia is
probably related to its high consumption by dividing cells of spermatogenous epithelium
(spermatocytes).

In addition, the substantial decrease of amounts of early and late spermatids was noted at
the 1% day of the observation. It was demonstrated [50], that spermatids, in contrast to other
cells of spermatogenous epithelium, were characterized by high activity of tricarbonic acid
cycle enzymes; that is why spermatids are most sensitive to oxygen deficiency.

The decrease of lactate at the 3" day of the experiment may be explained by diminution
of amount of Sertoli cells. It is known that Sertoli cells consume up to 95% of intraluminal
glucose in seminiferous tubules and are main lactate suppliers for germ cells [67,22,41,66].
As amount of Sertoli cells raised, the level of testicular lactate increased.

The increase of pyruvate level in testicular tissue was, possibly, related to: 1) disturbance
of pyruvate transformation into acetyl-CoA and lactate in the conditions of disordered tissue
respiration during post-hypoxic period [13]; 2) decrease of amounts of spermatocytes and
spermatids that use pyruvate as an energy substrate [31,35,52,61].

The noted at the 3" day of post-hypoxic period decrease of amounts of all germ cells
types and Sertoli and Leydig cells may be explained by their death due to activation of free
radical oxidation and exhaustion of anti-oxidative system. It is known, that the deficiency of
oxygen and macroergic phosphates (first of all, ATP) in hypoxia disintegrates activity of Ca-
transporting ATP-ases; it entails accumulation of Ca ions in cytosol, and , in turn, activation
of lipolysis. So, the permeability of mitochondrial membranes increases and depletion of
tissue respiration is observed. Mitochondria become swollen; it leads to disruption of their
external membrane cytochrome C release into cytosol. The free cytochrome C may activate
lipid peroxidation and raise level of free radicals [14,37].

Our researches revealed the significant increase of free radical oxidation in testicular
tissue at 40" minute and 1% and 3" days of post-hypoxic period.

It should be noted that the some intensification of free radical oxidation was found at 21%
and 30" days of the experiment, which might be due to activation of cells division in
testicular tissue [10].

Our researches demonstrated that free radicals levels at 45" and 60" days of post-
hypoxic period did not differ significantly from that level in intact animals, yet the activity of
anti-oxidative system remained at lower level; we believe, that it was related to diminished
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amounts of spermatogenous epithelium cells and Sertoli and Leydig cells. It is known that
testicular cells contain various anti-oxidants [32,53]. For example, the spermatocytes are
characterized by the high activity of superoxide dismutase and high level of glutathione;
spermatozoids demonstrate the high activity of superoxide dismutase [1]; Sertoli cells are
characterized by the high content of glutathione and high activity of superoxide dismutase
and glutathione-dependent enzymes [8]. Testosterone, that is produced by Leydig cells,
possesses anti-oxidative properties as well; however, the mechanism of its anti-oxidative
action has not yet been studied [3,11,20].

The study of glycolysis state after clinical death modeling revealed that as early as at 40"
minute of reperfusion period the levels of lactate and pyruvate dropped; it indicated,
probably, decrease of glycolysis activity.

The activity of free radical oxidation at the 40" minute of reperfusion period was higher
than in intact animals and in animals subjected to modeling of acute hypobaric hypoxia at the
same time of the observation. The level of anti-oxidative defense was correspondingly lower.

It may be hypothesized that low concentrations of metabolic substrates at the 40" minute
of reperfusion period and high level of free radical oxidation initiated death of testicular cells
during the 1% day of reperfusion period.

The sharp decrease of amounts of all cell types of spermatogenous epithelium and Sertoli
and Leydig cells was observed at 1% and 3™ days of the experiment. The amounts of Sertoli
and Leydig cells were reduced more than 10-fold and almost 20-fold, respectively, compared
to corresponding levels in intact animals.

The levels of lactate and pyruvate were significantly raised at 1% day after clinical death
modeling, if compared with the 40™ minute of the experiment; it indicated, obviously, the
blockade of tricarbonic acid cycle (Figure 11). The level of lactate had dropped by the 3" day
of the experiment and remained low up to the end of the observation period; it was, probably,
due to the small amount of Sertoli cells.

The most pronounced changes in testicular tissue after clinical death modeling were
registered at 7-14™ days, when there were no early spermatids and Leydig cells in rats
spermatograms.

The tendency towards activation of spermatogenesis began to appear at the 21% day of
the post-reanimation period: a somewhat elevation of spermatogenous epithelium cells
amounts and a raise of free radical oxidation were noted.

By the 60" day of the experiment the amount of spermatogenous epithelium cells
remained significantly lower than in intact animals; it was due to the decreased amounts of
Sertoli and Leydig cells.

A complex cytological examination of testicular tissue in combination with a study of
ejaculate characteristics allow to gain the full information about spermatogenesis state in
experimental modeling of various pathologic conditions. However, we have found no
complex studies of spermatogenesis in models of acute hypobaric hypoxia and clinical death.

In all series of experiments on modeling acute hypobaric hypoxia and clinical death we
studied the generally accepted indices of ejaculate, specifically, general amount of
spermatozoids and their mobility.

Our researches demonstrated that during the whole observation period after acute
hypobaric hypoxia modeling the immobile spermatozoids prevailed in rat spermogram, and
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the cells with vibratory movements were predominant among mobile spermatozoids. The
depression of spermatozoids mobility is probably related to the activation of free radical
oxidation leading to membranes impairment and a disorder of intracellular metabolism of sex
cells [7].

We believe that the low mobility of sex gametes in late post-hypoxic period is related to
an altered androgenic saturation of testicular tissue. Our experiments registered the
significant decrease of Leydig cells (the main producers of testosterone) amount in the post-
hypoxic period. Some authors demonstrated that in the case of androgenic deficiency the
concentration of fructose (the main energy source for gametes) decreased in epididymis and
seminal vesicles. That, in turn, may lead to decrease of rectilinear mobility of spermatozoids
[36].

The following fact was noted after acute hypobaric hypoxia modeling: the total amount
of spermatozoids in ejaculate decreased, beginning the 1% day of post-hypoxic period,
whereas the total amount of spermatozoids in testicular tissue remained at the level of intact
animals. The main reason of decrease of spermatozoids amount in ejaculate may be regarded,
according to studies published, their impairment and death in epididymis as a result of free
radical activation in hypoxia [12,28]. According to N.l. Boyko [12], the free radicals are the
very factor deteriorating spermogram indices.

It has been established that mature spermatozoids are more susceptible to impairing
action of free radicals comparing to other cells. It has the following reasons.

First, spermatozoid membranes contain a lot of polyunsaturated fatty acids which are
extremely susceptible to peroxidation. J.G. Alvarez, B.T. Storey (1989) [2] demonstrated that
epididymal spermatozoids are more susceptible to action of free radicals than testicular ones,
and among the former - the caudal pool. It may be related to an elevation of concentrations of
polyunsaturated fatty acids and cholesterol in spermatozoids cytoplasmic membranes with
their movement from caput epididymidis to cauda epididymidis [70,51,68,34].

Second, unlike to other cells, spermatozoids have limited potential to amend impaired
structures, as their chromatine is inactive and amount of cytoplasm is small.

Third, spermatozoids' defense system against free radicals is weak: catalase is absent
[9,54], amounts of glutathione-peroxidase and superoxide dismutase are relatively small
[8,40,49].

Taking into account the aforementioned data, it may be supposed that decrease of total
amount of spermatozoids in ejaculate at the 1 day of the experiment is related to their death
in epididymis, as a result of activation of free radical oxidation during early post-hypoxic
period.

The maximal decrease of spermatozoids concentration in testicular tissue was noted at
the 14" day, whereas the minimal concentration of spermatozoids in ejaculate was registered
at the 30" day of the experiment. This apparent discrepancy may be explained by the fact that
spermatozoids of ejaculate was formed at least two weeks prior to sperm obtaining. It is
exactly the period of spermatozoids maturation in epididymis.

We had been failing to gain rat sperm for 14 days of post-reanimation period after
clinical death modeling. It was, probably, due to disorders of ejaculation processes.
According to published works, the correlation exists between activity of ejaculation-related
nervous centers and levels of catecholamines (e.g., dopamine) and indolamines (e.g.,
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serotonin) in central nervous system. Catecholamines stimulate these centers, whereas
indolamines suppress them. It was demonstrated that serotonergic system at the central level
acts as a suppressor of the ejaculation reflex [24]. V.V. Lobov [45] studied serotonin
concentration in canine cerebrum after 5 minutes and 10 minutes long clinical death. It
happened that the serotonin concentration in canine cerebrum increased in post-reanimation
period.

Having in mind these data, we may suppose that in our case the lack of ejaculation in rats
during two weeks of post-reanimation period is related to high serotonin concentration in rat
cerebrum blocking ejaculation centers. Even the prolonged electric stimulation of rats was
not effective during this period.

The study of ejaculate, collected in late post-reanimation period, revealed lower amount
of spermatozoids than after modeling of acute hypobaric hypoxia. This fact supports our
opinion, that post-reanimation period is characterized by the more severe disorder of
spermatozoids transition from testicles to epididymis and further to ejaculate, due to a small
amount of Sertoli cells.

CONCLUSION

Experimental acute hypobaric hypoxia and clinical death lead to pronounced disorders of
spermatogenesis in white male outbred rats. The more substantial changes of cellular
composition of testicles was observed after clinical death modeling than after acute hypobaric
hypoxia modeling. Impairment and death of a substantial part of spermatogenous epithelium
cells and Sertoli and Leydig cells during early post-hypoxic and post-reanimation periods
were related to activation of free radical oxidation. The increase of testicular lactate level
during first hours after acute hypobaric hypoxia supports relative stability of cellular
composition of testicles and initiates spermatocytes division, whereas the decrease of
testicular lactate level during first hours after clinical death modeling reduces resistance of
the cells against injuring action of free radicals leading to death of a substantial part of germ
cells. The low intensities of processes of division and maturation of spermatogenous
epithelium cells in late post-reanimation and post-hypoxic periods are related to small
amounts of Sertoli and Leydig cells, which provide metabolic and hormonal support for
gametogenesis. The found disorders of spermatogenesis lead to qualitative and quantitative
changes of ejaculate indices.
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ABSTRACT

Activated human T cells produce receptor activator NF-xB ligand (RANKL),
interleukin-17 (IL-17), and interferon-y (IFN-y). All regulate human osteoclastogenesis;
RANKL and IL-17 potently induce osteoclastogenesis, while IFN-y directly inhibits it in
vitro. However, we have demonstrated that IFN-y-producing T cells induce human
osteoclastogenesis from monocytes through the expression of RANKL. Strongly
supporting our findings, it has been reported that peripheral blood T cells from patients
with early rheumatoid arthritis (RA) promote osteoclastogenesis in autologus monocytes
through the expression of RANKL, although the T cells express IFN-y. In addition, it has
been reported that IFN-y has indirect pro-osteoclastogenic properties in vivo; IFN-y
induces bone resorption in three mouse models of osteoporosis under conditions of
estrogen deficiency, infection, and inflammation. On the other hand, the expression or
function of some cytokines shows differences between humans and mice in bone cell
biology. In the current article, we review recent findings on the role of T cells in human
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osteoclastogenesis and bone destruction of rheumatoid arthritis (RA), including the
effects of dexamethasone and tacrolimus on the function of T cells.

Keywords: dexamethasone, interferon-y (IFN-y), interleukin-17 (IL-17), 1L-23, rheumatoid
arthritis (RA), osteoclast, osteoprogeterin (OPG), receptor activator of NF-xB ligand
(RANKUL), single nucleotide polymorphism (SNP), tacrolimus (FK506).

INTRODUCTION

Since 1990, we have investigated human osteoclastogenesis in the pathogenesis of
rheumatoid arthritis (RA) by three hypotheses: 1)to investigate the pathogenesis of RA, it is
important to study osteoclastogenesis using human rather than mouse cells;
2)osteoclastogenesis in RA is regulated by a mechanism independent of inflammation; and 3)
activated human T cells regulate human osteoclastogenesis.

To investigate the pathogenesis of RA, it is critical to investigate osteoclastogenesis
using human cells. In bone cell biology, some cytokines show different functions between
humans and mice. For example, macrophage-colony stimulating factor (M-CSF) induces
colony formation from mouse cells. In human cells, however, M-CSF induces the
differentiation of progenitor cells of monocytes rather than colony formation in human cells,
although M-CSF is reported to induce colony formation of human macrophages [1]. On the
other hand, some cytokines show different expressions between humans and mice; it is
reported that the expression of membrane-bound receptor activator NF-xB ligand (RANKL)
is limited in human T cells compared with mouse T cells [2]. Moreover, the mouse
CD4+CD25+ regulatory subset is isolated from all CD25+ T cells regardless of their level of
CD25 expression; however, when similar criteria are followed to isolate these cells from
human blood, CD25+ cells (high and low together) did not exhibit an anergic phenotype or
significant suppressive function. In humans, CD4+CD25" exhibit all properties of regulatory
T cells [3,4]. In addition, recently it has been reported that a major difference between
humans and mice in immunology is the presence of CD4+T cells producing IL-17, Th17
cells, in healthy peripheral blood of humans, but not mice [5]. Thus, in the study of human
diseases, it is essential to investigate human osteoclastogenesis using human cells.

Osteoclastogenesis in RA is regulated by a mechanism, at least in part, independent of
inflammation. Osteoclastogenesis dependent on and independent of inflammation has been
reported in the pathogenesis of RA since RANKL was cloned as an ‘osteoclast differentiation
factor (ODF)’ in 1997. We recently reported that the amount of T cells expressing both
interferon-y (IFN-y and RANKL in peripheral blood of patients with RA does not correlate
with the serum level of C-reactive protein [6]. On the other hand, it has been reported that
mature osteoclasts are inactivated by selectively inhibiting cathepsin K, carbonic anhydrase I1
or vacuolar-H(+) ATPase, which are essential in bone resorption by osteocalsts. In addition,
more recently, Geusens et al. showed that, in joint destruction of patients with early active
RA, the effects of inflammation (time-averaged ESR) and osteoclast differentiation/activity
(circulating OPG:RANKL ratio) are statistically partly independent and may be
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superimposed [7]. Thus, nowadays it is possible to regulate bone resorption in RA by a
mechanism separate from inflammation.

Activated human T cells regulate human osteoclastogenesis, producing RANKL,
interleukin-17 (IL-17), or IFN-y, all of which regulate human osteoclastogenesis. In addition,
it has been demonstrated that these cytokines play a critical role in human osteoclastogenesis
in vitro as well as bone resorption in patients with rheumatoid arthritis (RA). In the current
article, we review recent findings on the role of T cells in human osteoclastogenesis and bone
destruction of RA.

1. OSTEOCLASTS

Osteoclasts are unique multinucleated cells whose function is specialized to resorb
calcified tissues (Figure 1) [6]. On the surface of bone, osteoclasts develop a specialized
adhesion structure, ‘podosome’, which subsequently undergoes reorganization into sealing
zones [8]. These ring-like adhesion structures seal osteoclasts to the surface of bone. In the
sealed resorption lacuna, localized acidification is driven by carbonic anhydrase 1l and
vacuolar H(+)-ATPase in osteoclasts; carbonic anhydrase Il produces protons and vacuolar
H(+)-ATPase transfers them into the lacuna. In acidified lacuna, cathepsin-K and matrix
metalloproteinase-9 (MMP-9) are released from osteoclasts to degrade calcified tissues [9].

osteoclast

RGD(Alg-Gly-Asp) @ ruffled border
osteopontin

Bone

lacuna

Figure 1. Schematic structure of osteoclasts. CTR, calcitonin receptor; TRAF, TNF receptor-associated
factor; TRAP, tartrate-resistant acid phosphatase; MMP, matrix metalloproteinase; OSCAR, osteoclast-
associated receptor; c-Fms, M-CSF receptor.

The cooperation of osteoclasts and osteoblasts is critical to maintain skeletal integrity in
normal bone. After bone resorption by osteoclasts on normal bone tissues, osteoblasts
subsequently rebuild bone in the lacunae resorbed by osteoclasts; this mechanism is called
‘bone remodeling’. When the activity or number of osteoclasts is elevated compared with
osteoblasts, the bone become fragile, that is, ‘osteoporotic’. In addition, bone remodeling is
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disrupted in all bone diseases associated with changes in bone mass. Thus, bone remodeling
is essential to retain both the structure and strength of normal bone.

Osteoclasts also play an important role in the pathogenesis of rheumatoid arthritis (RA).
Since 1984, it has been reported that in bone destruction of rheumatoid arthritis (RA), many
activated osteoclasts are detected on the surface of eroded bone in the interface with synovial
tissues [10]. In addition, we have demonstrated that osteoclasts are detected in synovial
tissues as well as eroded bone from patients with RA [11]. In addition, we have reported that
the number of precursor cells of osteoclasts increases in bone marrow adjacent to joints with
arthritis [12]. Moreover, the amount of cytokines that induce osteoclastogenesis such as IL-1,
tumor necrosis factor-o (TNF-a) and IL-6, is elevated in synovial tissues of patients with RA,
while the amount of cytokines that inhibit osteoclastogenesis, such as IL-4 and IL-10, is
decreased [12-15]. Thus, patients with RA are likely to suffer from joint destruction as well
as systemic osteoporosis, in which the number of osteoclasts increases, suggesting that
osteoclasts play a critical role in the pathogenesis of RA.

The origin of osteoclasts was unclarified until the 1980s. In 1988, Takahashi et al.
established a culture system using mouse spleen cells and osteoblasts to induce
osteoclastogenesis in vitro, demonstrating that the origin of osteoclasts is hematopoietic cells
[16]. The precursor of osteoclasts was then revealed to be colony-forming unit-macrophage
(CFU-M) or CFU-granulocyte/macrophage (CFU-GM) in bone marrow or spleen in mice. In
1990, Udagawa et al. demonstrated that osteoclasts are formed from murine macrophages
[17]. From these findings, Suda et al. hypothesized that bone marrow hemopoietic cells
differentiate into osteoclasts through the stimulation of ‘osteoclast-differentiation factor
(ODF)’ expressed on osteoblasts [18].

Finally, ODF, now termed RANKL, which induces osteoclastogenesis from monocytes
or macrophages, was independently cloned by three groups in 1997 (Figure 1) [19]. RANKL
is a member of the TNF superfamily of cytokines. The protein constructs a trimeric complex
to bind its receptor, receptor activator NF-xB (RANK) (20). A decoy receptor is also cloned,
which is designated as ‘osteoprotegerin (OPG)’ [19] (Figure 2).

fusion
& ™ osteoclast

monocyte

monocyte

osteoblast

lacuna

bone

Figure 2. Differentiation and activation of osteoclasts. OPG, osteoprotegerin. A RANK-RANKL system
induces both osteoclastogenesis from monocytes and the activation of mature osteoclasts.
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2. T ceELLs PRoDUCING RANKL

RANKL expressed on T cells as well as on osteoblasts induces osteoclastogenesis. Two
groups reported using murine cells that T cells directly induce murine osteoclastogenesis
through the expression of RANKL from T cells [21,22]. We have also demonstrated using
human T cells and monocytes that human T cells induce osteoclastogenesis from peripheral
human monocytes through the expression of RANKL on T cells (Figure 3) [23]. We have
also demonstrated that CD4+ T cells in synovial tissues from patients with RA express
RANKL, and that the ratio of levels of RANKL to those of OPG in synovial fluids is elevated
(Figure 7) [23]. Thus, in synovial fluids of patients with RA, monocytes are likely to
differentiate into osteoclasts.

RANKL

RANK
/.

activated
human
T cell

human osteoclast

\ human
monocyte

Figure 3. Activated human T cells induce osteoclastogenesis from human monocytes through the
expression of RANKL on T cells.

Strongly supporting our findings, two groups have recently demonstrated important
results. First, Miranda-Carus et al. have reported that peripheral blood T cells from patients
with RA promote osteoclastogenesis from autologous monocytes through the expression of
RANKL on T cells, although T cells simultaneously produce IFN-y [24]. Thus, they
concluded that T cells are important contributors to the pathogenesis of bone erosion in RA
through interaction with monocytes. Second, Geusens et al. have reported that the ratio of
circulating OPG to RANKL in early RA predicts later joint destruction, analyzing 92 patients
with early active RA for 5 years [7]. Thus, the reports on osteoclastogenesis and bone
destruction in RA patients in these groups support our findings.

In mature osteoclasts, the function of IL-1 and TNF-a, but not RANKL, shows
differences between humans and mice. In both humans and mice, RANKL stimulates bone
resorption of mature osteoclasts [9]; however, IL-1 and TNF-o show no significant effects on
human mature osteoclasts, which contrasts with the potent ability of both cytokines to
stimulate murine mature osteoclasts [9]. On the other hand, we have demonstrated that in
both humans and mice, TNF-a directly induces osteoclastogenesis [25]. Thus, the differences
in species used in the studies are critical to discuss the function of cytokines.

The pathogenesis of periodontitis is similar to that of RA because both diseases show
chronic inflammation. The levels of RANKL are elevated in gingival crevicular fluid of
patients with periodontitis [26]. In addition, T cells from patients with periodontitis express
RANKL [27]. Interestingly, human T cells expressing RANKL transplanted to NOD/SCID
mice show alveolar bone destruction [28]. Recently, it has been reported that the induction of
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an adaptive immune response to orally colonizing non-pathogenic Pasteurella pneumotropica
by immunization with phylogenetically closely related bacterium, Actinobacillus
actinomycetemcmitans, results in T cell-derived RANKL-dependent periodontal bone loss in
mice [29]. Thus, T cells expressing RANKL play a critical role in bone destruction of
perodontitis.

3. TH17 CELLS PRODUCING IL-17
1) IL-17

In 1993, IL-17 was initially identified as a transcript selectively expressed by activated T
cells encoding a protein with significant sequence identity (~60%) to the Herpesvirus saimiri
protein HVS13 [30]. In 1996, IL-17, which induces IL-6, IL-8, and granulocyte colony-
stimulating factor (G-CSF) from stromal cells [31], and IL-1 and TNF-a from macrophages
[32], was cloned as a unique interleukin showing a function similar to that of IL-1, although
IL-17 is produced by T cells [30]. IL-17 receptor (IL-17R), ubiquitously expressed, was
reported to be a unique structure different from any receptors of other interleukins. Recently,
however, a bioinformatics study predicted a subdomain in IL-17-family receptors with
homology to a Toll/IL-1R (TIR) domain, termed the “SEFIR domain” [33]. More recently,
Maitra et al. reported that distinct functional motifs within the IL-17 receptor regulate signal
transduction and target gene expression [34].

IL-17and IL-17R have been renamed IL-17A and IL-17RA, respectively; five additional
IL-17-like ligands (IL-17B-F) and four additional IL-17R-like receptors (IL-17RB-E) have
been identified [35]. Interestingly, Toy et al. reported that the biologic activity of IL-17 is
dependent on a heteromeric receptor complex composed of IL-17RA and IL-17RC [36].
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Figure 4. IL-17 from activated T cells induces osteoclastogenesis through the expression of RANKL on
osteoblasts.

In 1999, we first demonstrated that IL-17 potently induces mouse osteoclastogenesis
from mouse monocytes through the expression of RANKL of osteoblasts (Figure 4) [32,37].
In addition, we recently reported that 1L-17 induces human osteoclastogenesis from human
monocytes even in the absence of osteoblastic cells or soluble RANKL through both



T Cells in Human Osteoclastogenesis and RA 157

inductively-expressed TNF-a and constitutively-expressed RANKL on human monocytes
[37]. In this osteoclastogenesis, the synergistic effect of TNF-a and RANKL plays an
important role; the expressed level of each cytokines is too low to induce osteoclastogenesis
in each cytokine alone [37]. This synergism has also been reported by other two groups
[38,39]. More recently, it has been reported that peripheral blood T cells from patients with
early RA promote osteoclastogenesis in autologous monocytes in the absence of exogenous
cytokines or osteoblasts, and that osteoclastogenesis is significantly inhibited by neutralizing
monoclonal antibodies to 1L-17 [24]. Thus, IL-17 induces osteoclastogenesis from monocytes
both in the absence and presence of osteoblasts.

Synovial tissues of patients with RA contain an increased number of T cells; however,
using the usual ELISA with standard sensitivity, it was very difficult to detect cytokines
derived from T cells, such as IL-2 or IFN-y, in synovial tissues or synovial fluids. Until 1999,
this absence of T cell-derived cytokines was an ‘enigma’ to be solved in the pathogenesis of
RA. We first demonstrated that a sufficient amount of a T cell-derived cytokine, IL-17, is
detected in synovial fluids from patients with RA using the usual ELISA (Figure 7) [32].
Lubbers et al. reported that treatment with a neutralizing anti-murine 1L-17 antibody after the
onset of collagen-induced arthritis (CIA) reduces joint inflammation, cartilage destruction,
and bone erosion [41]. We also demonstrated that in rats with CIA, peritoneal injection of
anti-IL-17 Ab ameliorates synovitis even after the onset of arthritis [42]. In addition, Nakae
et al. also reported that IL-17 play an important role in the pathogenesis of a murine arthritis
model [43]. Recently, Sarkar et al. reported that dendritic cells genetically modified to
express I1L-4 exert a therapeutic effect on CIA by targeting IL-17 [44]. Interestingly, Raza et
al. reported that early RA of 3-months duration or less is characterized by a distinct and
transient synovial fluid cytokine profile of T cells including 1L-17, but not IFN-y [45]. Thus,
IL-17 plays an important role in both human RA and murine arthritis models.

It has been reported that interplay between 1L-23 and IL-17 production may be a critical
immune pathway using gene-targeted mice lacing IL-23 (p19-/-), which is resistant to CIA
induction [46]. We recently demonstrated that IL-23 induces osteoclastogenesis in the culture
of human PBMC via the expression of IL-17 from T cells [47]. In addition, peritoneal
injection of anti-1L-23 Ab ameliorates synovitis of rats with CIA [47]. Thus, IL-23 may
induces osteoclastogenesis upstream of IL-17 in the pathogenesis of RA.

2) Th17

In 2005, a novel subset of helper T cells was demonstrated; Th cells expressing IL-17
distinct from Th1 cells or Th2 cells were designated as Th17, Th, 7, or inflammatory TH
(THi). In 1986, Mosmann et al. demonstrated the dichotomy of helper T cells; Thl cells
producing IFN-y in cellular immunity and Th2 cells producing IL-4 in humoral immunity
[48]. The pathogenesis of many diseases has been divided into two categories; for example,
RA is Thl disease, which we confirmed using peripheral helper T cells from patients with
RA treated without any disease-modifying anti-rheumatic drugs (DMARDS) or steroids [6].
On the other hand, bronchial asthma and atopic dermatitis are Th2 diseases. The notion that
IL-17-producing T cells may be a distinct T cell lineage emerged from gene-targeted mice
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models with experimental autoimmune encephalomyelitis (EAE) or CIA [49]. In 2005, two
laboratories simultaneously reported IL-17-producing CD4+ T cells (Thl7, Thy 1;) as a
distinct effector lineage [50,51]. In 2006, it was reported that naive T cells are primed to
Th17 by IL-6 and transforming growing factor (TGF)-B, and that IL-23 stimulates the
production of IL-17 from primed T cells [52-54]. Human Th17 cells have distinct migratory
capacity with the expressions of CCR6 and CCR4 together and antigenic specificities for
Candida albicans [55]. Reports using infectious mouse models have suggested that Th17
cells develop to mediate protection against extracellular bacteria and Pneumocystis carinii
[56-58]. In addition, it has been reported that Th17 functions as an osteoclastogenic helper T
cell subset that links T cell activation and bone destruction [59]. Hirota et al. reported that
autoimmune arthritis of SKG mice is highly dependent on the development of Thl7 cells
[60]. In addition, IL-17 plays an important role in the pathogenesis of periodontitis [61,62].
Thus, Th17 cells may be involved in bone destruction in RA and periodontitis as well as in
the pathogenesis of autoimmune disorders of model mouse such as EAE and autoimmune
arthritis, whereas Th17 cells develop to mediate protection against fungi and extracellular
bacteria.

4. TH1 CELLS PRODUCING IFN-y

IFN-y produced by Thl cells plays an important role in the defense of hosts against
viruses or intracellular microorganisms. It has been reported that IFN-y inhibits
osteoclastogenesis [63,64]. In 2000, IFN-y was shown to inhibit mouse osteoclastogenesis
through the degradation of TRAF6 in vitro and to repress bone resorption in calvariae from
prepubertal mice in vivo [65].
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Figure 5. Human activated T cells producing IFN-y, which simultaneously produce RANKL, induce
human osteoclastogenesis from monocytes. IFN-y from activated T cells inhibits human
osteoclastogenesis from monocytes; however, human activated T cells producing IFN-y, which
simultaneously produce RANKL, induce human osteoclastogenesis from monocytes.

We have demonstrated that activated human T cells induce human osteoclastogenesis
from monocytes though the expression of RANKL [23] as described above (Figure 3).
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Moreover, we recently reported that human IFN-y-producing T cells (Thl cells) induce
human osteoclastogenesis from monocytes via the production of RANKL from Thl cells
(Figure 5) and that the number of T cells expressing both IFN-y and RANKL is elevated in
the peripheral blood of patients with RA (Figure 6) [6]. Strongly supporting our findings, it
has been demonstrated that IFN-y has indirect pro-osteoclastogenic properties in vivo; IFN-y
induces bone resorption in three mouse models with osteoporosis under conditions of
estrogen deficiency, infection, and inflammation [66]. In addition, also supporting our
findings, Miranda-Carus et al. have reported that peripheral blood T cells from patients with
RA promote osteoclastogenesis from autologous monocytes through the expression of
RANKL on T cells, although T cells simultaneously produce IFN-y [24]. Moreover,
Stashenko et al. demonstrated using a murine model with periodontitis that Thl immune
response promotes severe bone resorption caused by Porphyromonas gingivalis [67]. Thus,
IFN-y or Thl cells may play a critical role in indirect bone resorption and destruction in a
murine model in vivo and patients with RA, although IFN-y directly inhibits murine and
human osteoclastogenesis from monocytes in vitro.
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Figure 6. Human helper T cells producing IFN-y simultaneously produce RANKL in peripheral blood
of patients with RA. Theoretically, activated human T cells are divided into 4 types by the production
of IFN-y and RANKL. However, only 2 types, IFN-y (+), RANKL(+)T cells and IFN-y (-),
RANKL(+)T cells, are detected in peripheral blood of patients with RA.

5. REGULATORY T CELLS

Regulatory T cells (Tregs) are a subset of CD4+ T cells expressing CD25 with
immunosuppressive activity. Recently, it has been reported that Tregs inhibit human
osteoclastogenesis from PBMC [68]. This suppression of osteoclastogenesis was blocked by
anti-TGF-p antibody or anti-1L-4 antibody, suggesting that TGF-$ and IL-4 are key cytokines
for the suppressive function of Tregs. On the other hand, it has been reported that TNF
downmodulates the function of human CD4+CD25" Tregs [4]. In fact, CD4+CD25" Tregs
isolated from patients with active RA poorly suppress the proliferation and cytokine secretion



160 Shigeru Kotake, Yuki Nanke, Toru Yago et al.

of CD4+ effector T cells [4], Thus, the reduced function of Tregs in patients with RA might,
at least in part, limit the inhibition of osteoclasts, inducing elevated bone resorption.
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Figure 7. A scheme of the role of T cells in bone resorption in RA. It is speculated that Th17 cells and
Th1 cells play an important role in bone resorption in RA through the formation and activation of
osteoclasts.

6. CELL-CELL FUSION IN OSTEOCLASTOGENESIS

Dendritic cell-specific transmembrane protein (DC-STAMP) is a seven-transmembrane
protein originally identified in dendritic cells [69]. Kukita et al. reported that DC-STAMP is
essential for the differentiation of osteoclasts, showing that the expression of DC-STAMP is
rapidly induced in osteoclast precursor cells by RANKL [70]. Yagi et al. demonstrated that
multinucleation of osteoclasts and macrophages is completely abrogated in DC-STAMP -/-
mice [71]. Thus, it is speculated that T cells play an important role in inducing DC-STAMP
via the expression of RANKL.

In 2006, we reported that antibodies against CD47 expressed on monocytes inhibits
human osteoclastogenesis by blocking monocyte fusion [72]. CD47, widely expressed on
hematopoietic cells, is a ligand for monocyte/macrophage adhesion and fusion leading to
multinucleation. We demonstrated as follows: 1) CD47 is expressed on monocytes but not on
osteoclasts; 2) adding anti-CD47 antibody during day 0-3 of the culture period markedly
inhibited osteoclastogenesis compared with adding anti-CD47 antibody during days 4-6; and
3)there was a tendency that in total CD14+ monocytes from PBMC, the mean of fluorescence
intensity (MFI) on CD47+ cell was higher in patients with RA than in healthy controls [72].
Recently, another group also reported that osteoclast formation is strongly reduced both in
vivo and in vitro in the absence of CD47/signal regulatory protein alpha (SIRPa) interaction
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using blocking antibodies in vitro and CD47-/- mice in vivo [73]. Thus, these and our
findings suggest that CD47 could be a therapeutic target for bone destruction in RA.

7. DEXAMETHASONE

Therapies using systemic glucocorticoid induce osteoporosis as a serious complication;
however, the mechanism of glucocorticoid-induced osteoporosis remains unclear. It has been
reported that glucocorticoids promote osteoclastogenesis by inhibiting OPG and concurrently
stimulating  RANKL production by osteoblastic lineage cells [74,75]. In addition,
dexamethasone increases the pit area by human osteoclasts induced from monocytes
stimulated by RANKL [75]. Thus, glucocorticoids induce osteoporosis both dependently on
and independently of osteoblasts.

We hypothesized that activated human T cells are involved in glucocorticoid-induced
osteoporosis. We have demonstrated that using human PBMC culture, dexamethasone
stimulates osteoclastogenesis by elevating the RANKL-to-IFN-y ratio expressed on human
CD4+ T cells, which is inhibited by adding OPG [76]. Thus, it is suggested that human T
cells stimulated by glucocorticoids, at least in part, play a role in human glucocorticoid-
induced osteoporosis.

8. TACROLIMUS

Tacrolimus (FK506) has been shown to have an optimally anti-inflammatory effect
against patients with RA. Tacrolimus diminishes the ability of calcineurin to translocate the
nuclear factor of activated T cells (NFAT) that initiates gene transcription for the synthesis of
inflammatory cytokines [77]; however, the effect of tacrolimus on human osteoclastogenesis
remains unclear.

We have demonstrated that tacrolimus dose-dependently inhibits dexamethasone-induced
osteoclastogenesis from human PBMC [78]. As mentioned above, dexamethasone induces
human osteoclastogenesis from PBMC, stimulating osteoclastogenesis by elevating the
RANKL-to-IFN-y ratio expressed on human CD4+ T cells [76]. The expression of RANKL
stimulated by dexamethasone was markedly reduced by adding tacrolimus [78]. Thus,
tacrolimus indirectly inhibited human osteoclastogenesis from PBMC induced by
dexamethasone.

On the other hand, tacrolimus directly inhibits osteoclastogenesis. Igarashi et al. reported
that FK506 directly induces osteoclast apoptosis in mouse bone marrow cultures [79]. In
addition, Miyazaki et al. demonstrated that tacrolimus directly inhibits human
osteoclastogenesis via targeting the calcineurin-dependent NFAT pathway and an activation
pathway for c-Jun or microphthalmia transcription factor (MITF) in rheumatoid arthritis [80].
Moreover, it has been reported that tacrolimus administration into mice blocks osteclast
differentiation, although the administration induces the reduction of bone mass, causing
severe impairment of bone formation [81]. Thus, tacrolimus inhibits osteoclastogenesis both
directly and indirectly.
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9. SINGLE NUCLEOTIDE POLYMORPHISM (SNP)

The association of SNPs in RANKL with bone mineral density has been reported [82-
84]. In addition, Wu et al. have reported that novel RANKL polymorphisms are associated
with an earlier age at RA onset in shared epitope (SE)+, but not SE-, patients and that an
interaction between SE-containing HLA-DRB1 and RANKL polymorphisms increases
disease penetrance, resulting in a mean age at RA onset that is 18-20 years younger [85]. On
the other hand, the association of SNPs in IL-17F with asthma and no significant association
in IL-17A and F in osteoarthritis has been reported [86,87], whereas the association of SNPs
in IL-17A or F with bone mineral density or RA has not been reported. In addition, a highly
significant association between Crohn's disease and the IL-23 receptor gene was found; an
uncommon coding variant confers strong protection against Crohn's disease [88]. Replication
studies confirmed IL-23 receptor associations in independent cohorts of patients with Crohn's
disease or ulcerative colitis [88]. However, the association of SNPs in IL-23 or IL-23
receptor with RA has not been reported.

In 2004, we have demonstrated that SNPs in RANKL and IL-17A genes are significantly
associated with radiographic progression after 2 years in patients with early RA [89]. Thus,
bone resorption induced by activated T cells may be genetically regulated through SNPs in
RANKL and IL-17 in T cells; however, further investigation is necessary to clarify the
association using a large number of patients for longer duration.

CONCLUSION

The role of T cells on human osteoclastogenesis has been clarified in vitro. However, the
function of Thl cells and Th17 cells on bone resorption has not fully been understood in
humans including patients with RA, while Th1 cells and Th17 cells have been demonstrated
to stimulate bone resorption in a murine model in vivo. Thus, further investigation is
necessary to clarify the role of Th1 cells and Th17 cells in bone resorption of human diseases
including RA.
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ABSTRACT

As a sexual reproductive mode, a zygote after cell fusion between sperm and egg, as
a destiny, certainly divides into embryo. If it is the dicots, the embryo passes the stages of
globular, heart, torpedo and complete one with two cotyledons and hypocotyl that finally
becomes a seed. Here, we describe the process of somatic embryogenesis from asexual
cells derived from protoplast culture, protoplast fusion, interspecific hybrid embryo
culture, and asexual tissue cultures. When the immature globular-stage embryos of
tomato and its wild species were taken out and cultured on suitable medium, on which
somatic embryos were formed with globular, heart and torpedo stages. When the cultures
of cotyledon-derived protoplasts and protoplast fusion of tomato were carried out,
somatic embryogenesis was observed, according to the stages from the globular and heart
to torpedo. When leaflet tissues from guineagrass and bahiagrass were cultured on
suitable medium, embryogenic calli were formed and they were observed by scanning
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electron microscopy, indicating somatic embryo structure with a scutellum and a
coleoptile. The characterizations of the somatic embryo were similar to those previously
reported. Multiple shoot and plant regeneration were obtained from somatic embryos.
Those somatic embryos above were analyzed with RAPD, RFLP, chromosome, gene
cloning and transgenic plants, and the results were also discussed in the text.

1. INTRODUCTION

Tomatoes and cereals are becoming increasingly popular ornamentals in Japan, the
former as fruiting pot plants, the latter as dry bouquet supplements. Since the 1970’s, plant
tissue culture techniques have been developed as large-scale clonal propagation means from
isolated plant parts. Later, protoplast isolation had also been successfully achieved from
different plant tissues (Davey et al. 2005). A unique characteristic of plant tissues and cells is
the presence of a cell wall, unlike animal cells, making cell fusion difficult. Successful
protoplast isolation allowed for the breakthrough development of cell fusion (Kao and
Michayluk 1989), allowing the manipulation of plant cells as easily as those of animals,
resulting in a cell fusion boom, e.g. the “pomato” (potato + tomato) by protoplast fusion
(Melchers et al. 1978). Cell fusion thus showed a great potential in that it became possible to
cross any plant material, overcoming cross incompatibilities. Here, we structure the wider
discussion around the knowledge of somatic embryogenesis we accumulated from our studies
on Lycopersicon esculentum and L. peruvianum-complex, and Panicum maximum and
Paspalum notatum, model systems we established, and consider additional factors that should
be taken into account to induce somatic embryogenesis in different tissues of different crops
(agronomic or horticultural).

2. SOMATICEMBRYOGENESIS FROM
ToMATO TiISSUE CULTURE

In the genus Lycopersicon, L. peruvianum is the most remote from the cultivated tomato
L. esculentum and is regarded as the greatest single reservoir of genetic diversity available in
tomato (Rick 1979). The postfertilization abortion (PFA) of hybrid embryos occurred
(Barbano and Topoleski 1984, Chen and Imanishi 1991, Chen and Adachi 1992 1995) and
hampered the introgression of genes from L. peruvianum to the cultivated tomato. And the
mechanism of PFA of interspecific hybrid embryos (IHEs), was that the endosperm
deterioration in the ovule was the first signal to appear at 7 days after pollination (DAP).
However, IHEs continued to develop until to 15 DAP, while the sac was completely filled
with proliferating endothelium. Based on observations of IHE PFAs with Nomarski
differential interference-contrast microscopy (DIC), an embryo rescue technique (ERT) was
developed to culture the IHEs formed before 15 DAP. They were taken out from the ovule
and cultured on an improved HLH medium (Neal and Topoleski 1983) supplemented with 2
mg/l 6- benzylaminopurine (BAP) and 1g/l yeast extract (YE). Globular-stage embryos
enlarged on it, developed root hairs, showed signs of developing cotyledons, and formed an
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early torpedo-stage-like structure after 30 days of culture. Green cotyledons were formed on
the late torpedo-stage embryos after 3 weeks in culture. After transfer from HLH to MS
medium (Murashige and Skoog 1962) supplemented with 1 mg/l zeatin and 0.02 mg/I
indolacetic acid (IAA), numerous somatic embryoids and accessory single cotyledons were
regenerated after a further 3 weeks followed by the formation of a number of shoots (Figure
1). Shoots were cut individually and transplanted onto hormone-free MS agar for rooting and
plantlet regeneration (Chen and Adachi 1992; 1998). Using this method, not only somatic
embryogenesis and plant regeneration but also clonal propagation of IHE became possible.
The possible cultural stage of IHE established in this study was about 2-3 weeks earlier than
previous reports (Smith 1944, Neal and Topoleski 1983).

Figure 1. Somatic embryogenesis with embryo-like structures and single shoot on immature embryo
(arrows) of interspecific hybrid between Lycopersicon esculentum and L. peruvianum. The embryo is
aged 13 days after pollination and taken out from immature fruit and cultured on HLH medium.

3. SOMATIC EMBRYOGENESIS FROM
PROCESS OF PROTOPLAST FUSION

Cotyledons are an easily reproducible and physiologically stable tissue, giving
protoplasts of distinguishable morphology (Koblitz and Koblitz 1982, Shahin 1985). We
previously studied conditions affecting the plating efficiency of cotyledon protoplasts (Chen
et al. 1987 1988). Based on that, we established a culture system of tomato cotyledons (Chen
and Adachi 1994). Protoplasts were isolated from cotyledons of 8-10 day old in vitrogrown
seedlings Fusion between leaf and suspension-culture-derived protoplasts has been the major
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method employed (O’Connell and Hanson 1985 1986). In addition, two types of leaf
protoplasts (Wijbrandi et al. 1990), or leaf and irradiated leaf protoplasts (Ralushnyak et al.
1991) have also been utilized as fusion partners. Two ways of protoplast fusion have mainly
been conducted with chemicals, e.g. polyethylene glycol (PEG) and electro-fusion. Two
methods have been reported for the selection of parasexual hybrids: (1) prefusion treatments
of protoplasts, like iodoacetamide (IOA) treatment of one partner (Ozias-Akins et al. 1986,
Terada et al. 1987) or gamma-irradiation (Ralushnyak et al. 1991); (2) postfusion selection of
fused protoplasts by antibiotics, such as adding kanamycin to culture media for hybrid
selection (Wijbrandi et al. 1990), or DNA analysis of calli or leaves of parasexual hybrids
(Derks et al. 1991, Wachocki et al. 1991). Chen and Adachi (1998) and Chen et al. (2001,
2002) have established a culture system for plant regeneration via somatic embryogenesis
from a new combination of protoplast fusion partners from cotyledon protoplasts of L.
esculentum and suspension-culture-derived protoplasts of the L. peruvianum-complex and
obtained somatic hybrids with a multiple step selection protocol. Cotyledon protoplasts
treated with IOA (10 mM, 15 min at 4°C) gave an optimal effect to prevent cell division
when used as a fusion partner. Since two kinds of protoplasts, either white in color (wild
species) or green (tomato) were used, we were able to visually identify heterokaryon
formation. Pre-selection could be based on the collapse of cotyledon protoplasts after IOA
treatment before fusion or after PEG treatment alone. The TM medium for fusion culture is
suitable for cotyledon protoplast culture, but for the suspension culture- derived protoplasts,
only fused protoplasts can divide. During culture, two types of somatic embryogenesis were
observed under microscope. The first type on the surface of calli are globular structured and
cup-shaped somatic embryos with tube-like protuberances. Embryo developmental stages
including globular, heart, early torpedo and late torpedo were observed (Figure 2). The other
type was characterized by the production of multiple or single somatic embryos at various
stages, light purple and/or deep-green in color, which grow towards the medium (Chen and
Adachi 1998, Chen et al. 1998 2002a 2002b). Embryo ontogeny was asynchronous; globular-
through cotyledon-stage embryos were often observed on a single callus. A dome-shaped
shoot meristem and double cotyledons were often seen together. When the somatic embryos
were placed onto fresh TM-4 medium, they grew into shoots with double cotyledons, a
hypocotyl and a shoot meristem. In the process of plant regeneration from protoplast fusion, a
typical development of sexual embryos under natural conditions in vivo was observed with a
series of embryogenesis steps: globular, heart, early torpedo, and late torpedo stages.
Therefore, this established system can be used not only in plant regeneration by somatic
embryogenesis but also in genetic transformation and clonal propagation of rare genetic
resources through plant tissue culture.

4. SOMATIC EMBRYOGENESIS FROM
GUINEAGRASS TISSUE CULTURE

A method to transform rice by Agrobacterium was reported by Hiei et al. (1994). This
method had the following advantages compared with direct gene transformation: no need for
special instruments, simple operation, and high repeatability. This method thus showed
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efficiency for monocot plants. Several explants had been applied for plant regeneration,
including immature embryos in guinea grass (Akashi and Adachi 1991), ovary culture (Chen
et al. 2002c 2002d), immature inflorescence in finger millet (George and Eapen1990),
protoplasts in barley (Lazzeri and Lérz 1990), or mature seeds in rice (Hiei et al. 1994).
These culture systems usually gave regeneration via somatic embryogenesis. However, there
are other easy-to-use reproductive tissues, e.g. ovary, as well as vegetative tissues, which can
be collected in all seasons, but such protocols have not yet been well established. Here, we
describe some regeneration systems through somatic embryogenesis established from ovaries
and leaflets of guinea grass (Panicum maximum).

Figure 2. Somatic embryogenesis with different stages from fused protoplasts between Lycopersicon
esculentum and L. peruvianum, displaying young shoot (s), globular-stage embryo (ge), Heart-stage
embryo (he) and torpedo-stage embryo (te).

We were interested in establishing a system of somatic embryogenesis and plant
regeneration from leaflets of warm-season forage grasses, which could be used as materials in
any season and at any time for genetic transformation. A simple and efficient culture of
leaflets for plant regeneration in guinea grass (Chen et al. 2001a 2001b 2002c 2002d) was
established. For the material preparation of guinea grass, leaflet tissue was taken from
terminal tillers arising at the end of stolons. Leaflets (2-3 cm) were isolated by trimming the
leaves and excising the parts of the leaf-stem tissue 1 cm above the root base which contains
the basal meristem and basal leaf tissue. The outer 4-5 leaves were removed. The remaining
tissues were cut into 5- mm lengths and washed in streaming tap water for 20-30 min. The
explants were transferred to 70% ethanol for 1 min, sterilized in 0.15% sodium hypochlorite
solution (Antiformin) for 15 min and rinsed in sterile distilled water three times, 5 min each
time. The explants were then placed on MS medium supplemented with 5 mg/l 2,4-D, 30 g/l
sucrose, and 2.5 g/l Gellan gum (Wako Pure Chemical Industries, Ltd., Japan) for callus
formation with one of the cut surfaces in contact with the medium. After 3 weeks culture,
calli were formed in a yellow liquid paste, appearing contaminated. However, culturing for a
further 3 resulted in the loss of the yellow color, which may be a characteristic of bahia grass.
During the 6th-9th week of culture, formation of nodular (NO) and white color embryogenic



176 Lanzhuang Chen and Liming Guan

calli on the surface of the yellowish-white color calli was observed. In this stage, the
structures of embryogenic calli were confirmed with SEM, indicating NO tissue, and SC, CO
and germination of the plumule (P) (Figures 3, 4). Those structures were similar to previous
reports of P. maximum (Lu and Vasil 1985, Chen et al. 2002c 2002d) and P. notatum
(Marousky and West 1990). In preliminary experiments, when the NO and white color calli
were moved onto regeneration medium for culture, somatic embryos were initiated. So the
calli were termed embryogenic calli. Small size and white color calli were selected and
propagated inthe same medium by subculture every two weeks. The embryogenic calli
formed anthocyanin pigment and green spots emerged from them. The P grew to multiple
shoots after another 3 weeks. The complete plants were regenerated from the shoots on
hormone-free MS medium in a total of 4 months (Chen et al. 2001a 2001b). A simple and
efficient culture system of leaflets from guinea grass was also established in similar manner
to bahia grass (Chen et al. 2002c 2002d). Recently, attempts at inducing an apomixis-specific
gene (Chen et al. 1995 1999 2005, Seo et al. 2004) by Agrobacterium transformation into the
selected yellowish calli have been carried out (Chen et al. 2003).

Figure 3. Somatic embryogenesis from leaflet culture of guinea grass (Panicum maximum), observed
with scanning electron microscopy (SEM). a. Nodular embryogenic tissue (NO) occurred at earlier
culture stages; b. Scutellum (SC) and coleoptile (CO) and germination of plumule (P) were generated
on the culture.
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Figure 4. Somatic embryogenesis from leaflet culture of bahia grass (Paspalum notatum), observed with
scanning electron microscopy (SEM). Scutellum (SC) (A), coleoptile (CO), and plumule (P) (B) and
germination of plumule (P) (C) were observed as the callus growing and differentiation.

5. DETECTION OF INTERSPECIFIC
HYBRIDS AND SOMATIC HYBRIDS

For the detection of interspecific hybrids, morphological comparison of hybrid and
parental leaves and flowers in L. esculentum X L. peruvianum have already been made by
Thomas and Pratt (1981) and Imanishi (1988). Our results indicated that the regenerated
plants showed morphological characteristics more similar to the male parent, L. peruvianum,
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than the female one, L. esculentum, but in any case revealed the hybrid nature of the
interspecific crosses. It is found that no changes of chromosome number between hybrids and
parents were observed. From that, it is suggested that the hybrids were derived directly from
the embryo without passing through callus formation. The absence of the callus formation
during the embryo-to-plant in vitro development was also checked under a dissecting
microscope. L. peruvianum was superior to L. esculentum in shoot regeneration ability
(Koornneef et al. 1087). Our observation was used to determine the hybrid nature by
comparing their shoot regeneration ability, indicating that the number of shoots regenerated
from hybrids ranged between those of their parents in the interspecific cross. Based on this
method, the regenerants were true hybrids. This method, therefore, might be used as a fast
and simple, but reliable method for the characterization of interspecific hybrids, not only in
tomato but also in other crops.

For identification of somatic hybrids, the first choice is to compare the morphology as it
is easy and visual able method. This method has been used in L. esculentum (+) L.
peruvianum (Kinsara et al. 1986; San et al. 1990; Sakata et al. 1991; Giddings and Rees
19923, b; Sakata and Monma 1993). In our study, the leaves of the somatic hybrids showed
few wrinkles, no leaflets and long hairs. The chromosome number of hybrids showed
expected 2n = 4x = 48 in most of regenerants, but in few plants, their number were between
69-72 chromosomes. RAPD analysis was popular in detection of hybrids of interspecific and
somatic hybridization (Xu et al. 1993; Hossain et al. 1994; Chen et al. 1998). The fact that
different band patterns were observed when the same one primer, indicates a wide range of
genetic changes among the hybrids. That may be due to somaclonal variation (Xu et al.
1993), and I0A treatment (Ozias-Akins et al. 1986), and re-arrangement and amplification of
organelle DNA (Rode et al. 1988). RFLP analysis for identification of hybrids is considered
as most believable methods. When we sued Bam HI to digest DNA and nuclear rRNA gene,
PRR217 as a hybridization probe to determine the hybrids, all the putative somatic hybrids
tested showed the fragments from both parents, as they carried 48 chromosomes (2n = 4x).
From RFLP analysis, it is considered that tetraploid hybrids contain two partners’ fragments,
only different partner protoplasts are fused, and pre-selection using IOA treatment and
culture medium regulation are efficient to allow somatic hybrids develop.

6. CONCLUSION

A practical culture system was established with somatic culture of interspecific hybrid
immature embryos, cotyledon protoplast and protoplast fusion between Lycopersicon
esculentum and ‘Lycopersicon peruvianum-complex’ in order to obtain interspecific hybrids
and somatic hybrids. On the other hand, to establish an efficient culture system for genetic
transformation, somatic embryogenesis and plant regeneration have been successfully
established from the culture of immature ovaries, leaflets and leaflet culture-derived
suspension cultures in monocots (guineagrass and bahiagrass).
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Chapter VIII

MIGRATION, DIFFERENTIATION AND
FUNCTIONAL ROLE OF MONOCYTE SUBSETS

Frank Tacke”
Medical Clinic I11, University Hospital Aachen, Germany.

ABSTRACT

Monocytes represent about 5-10% of blood leukocytes in mice or men and are
established circulating precursors for tissue macrophages and dendritic cells (DCs).
Monocyte-derived macrophages and DCs fulfill critical roles in innate and adaptive
immunity during inflammation and inflammatory disorders, and it is believed that
monocytes also maintain these populations in some peripheral tissues during
homeostasis. Recent identification of mouse monocyte subsets that closely resemble
human monocyte subsets has inspired a variety of techniques wherein monocytes can be
readily traced in vivo to address these critical questions. There are two major monocyte
subsets that vary in chemokine receptor (CCR) and adhesion molecule expression,
migratory and differentiation properties. In humans, ‘classical’ CD14" CD16™ monocytes
express CCR2, CD64, CD62L, whereas ‘non-classical’ CD14"" CD16" monocytes lack
CCR2. Their counterparts in mice are CCR2" Gr-1" and CCR2" Gr-1"" monocystes,
respectively. Gr-1" (Ly6C™) monocytes are recruited to inflammatory sites, e.g. inflamed
skin or acutely inflamed peritoneum. Gr-1" (Ly6C™) monocytes are precursors for the
epidermal DCs, Langerhans cells, after skin inflammation. Gr-1'"¥ monocytes have been
proposed as precursors for steady state DCs, but experimental evidence is as of yet
limited. In atherosclerosis, a chronic inflammatory disease of the blood vessels, both
subsets differ in their migratory capacity, chemokine receptor pathways and
differentiation towards macrophages or DCs. The rapid progress in recent years led to a
better understanding of monocyte biology in the steady state and inflammation.
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INTRODUCTION

In humans and mice, monocytes represent about 5-10% of peripheral blood leukocytes.
They originate from a myeloid precursor in the bone marrow [1], are released in the
circulation and then enter tissues. The half-life of monocytes in blood is believed to be
relatively short, about one day in mice [2] and 3 days in humans [3]. This short half-life in
blood has fostered the concept that blood monocytes may continuously repopulate
macrophage or dendritic cell (DC) populations to maintain homeostasis and, during
inflammation, fulfill critical roles in innate and adaptive immunity [4]. However, a body of
evidence suggests that macrophages in several different organs self-renew without input from
blood precursors [5]. For example, pulmonary and airway macrophages are not replaced by
blood monocytes following procedures involving irradiation if care is taken to protect the
viability of local, radiosensitive precursors [6], and correspondingly, studies in parabiotic
mice indicate failure of blood monocytes to give rise to lung macrophages in the steady state
[7]. Moreover, depletion of blood monocytes does not affect alveolar macrophage counts [8].
Indeed, replenishment of pulmonary macrophages from blood monocytes is mainly only
observed after whole body irradition that would eliminate a radiosensitive, local precursor
[5]. Nonetheless, the fact that monocytes give rise to macrophages in any virtually any organ
in the context of inflammation is undisputed.

Recent research has focused on the mechanisms and molecules involved in monocyte
recruitment as well as on their differentiation in various tissues [5,9]. Two major fates of
monocyte differentiation are easily identified and separable: many monocytes develop into
macrophages and others become dendritic cells (DCs) [10]. Functionally, macrophages
robustly degrade material that they engulf [11] and apparently fail to present antigens or
initiate a T cell response [12-14], release a variety of cytokines upon activation and are
thought to be important for the local clearance of dead cells in inflamed and non-inflamed
tissues [15]. In contrast, DCs have a poor proteolytic capacity [11], but are able to
phagocytize material from other cells, process and intracellularly retain peptides / antigens,
that will be subsequently presented by MHC-molecules together with appropriate
costimulation for the priming of T cells [16]. After DC maturation, the plasma membrane of
DCs turns over slowly allowing long duration of MHC/peptide complexes that facilitate long
signaling interactions with T cells [17]. In contrast, activated macrophages very rapidly
renew plasma membrane proteins, including MHC II, such that particular MHC/peptide
complexes would be expected to a have a rather short half-life at the cell surface [18].
Moreover, macrophages and DCs have distinct migratory properties: whereas macrophages
largely remain in tissues, DCs are capable of migrating from peripheral tissues to lymphoid
organs in order to interact with T cells and induce an immune response [19].

HuUMAN MONOCYTE SUBSETS

Over fifteen years ago, heterogeneity among human monocytes was recognized [20]. The
differential expression of CD14 (part of the receptor for lipopolysaccharide) and CD16 (also
known as FcyRIII) were traced initially to define two major subsets in peripheral blood: the
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so called ‘classical’ CD14°'CD16 monocytes, typically representing up to 95% of the
monocytes in a healthy individual, and the ‘non-classical’ CD14"°“CD16* monocytes
comprising the remaining fraction of monocytes [20,21]. These subsets differ in many
respects, including adhesion molecule and chemokine receptor (CCR) expression.
CD14"CD16™ monocytes express CCR2, CD62L (L-Selectin) and FCyRI (CD64), whereas
cD14"cD16* monocytes lack CCR2, and have higher levels of MHC-II and FCyRII (CD32)
[5,21-24]. Both subsets express the receptor for fractalkine, CX5CR1, but CD14"°CD16*
monocytes characteristically express higher levels [23,24]. It is important to note that
considerable heterogeneity is known to exist in the minor CD16" monocyte fraction. An
“intermediate” population of monocytes that is CD14" (as opposed to CD14"°) and CD16"
differentiates in vitro differently than CD14"°CD16" monocytes [25] and probably is the
subset of the CD16" monocytes that expresses CCR5 [24]. Within the CD16" monocyte
fraction, there is also differential expression of a relative of PSGL-1 called M-DC8 [26-28].

Interest in CD16" monocytes has been fueled in part by observations that this subset was
elevated in blood during inflammatory conditions and carcinoma, including among many
others HIV dementia [29], atherosclerosis [30], rheumatoid arthritis [31], and cancer [32].
Frequently, the occurrence of elevations in circulating CD16" monocytes was interpreted to
signify a role for CD16" monocytes in the disease process where the elevation was observed.
Hence, in a number of studies, CD16" monocytes have been called inflammatory monocytes
in the context of chronic inflammation. However, this designation appears to be inappropriate
until we learn more about the in vivo function of this subset, especially given the observations
that the mouse counterparts to CD16* human monocytes, the Ly-6C/Gr-1'° monocytes
[23,33,34], do not migrate substantially to sites of inflammation in vivo compared with the
CCR2" subset [23,33-37].

Several studies have analyzed the differentiation of human monocyte subsets in vitro and
these studies showed in some cases a predisposition of CD16" monocytes to differentiate into
antigen-presenting dendritic cells [25,38], e.g. when freshly isolated blood monocytes are
tested in an in vitro model of transendothelial migration. In this model, human umbilical vein
endothelial cells (HUVEC) are grown as a monolayer on an endotoxin-free collagen matrix
(Figure 1). Freshly isolated human blood monocytes, incubated for 1.5 h in this model,
migrate into the collagen and undergo differentiation. Whereas the majority of monocytes
remain in the subendothelial matrix and display a macrophage-like phenotype, some
reversely transmigrate the endothelial layer in an ablumenal-to-lumenal direction within 2
days and differentiate into antigen-presenting cells (Figure 1) [39]. In this model, the CD16"
subset of human monocytes preferentially becomes migratory DCs, indicating that the
CD14"°CD16" cells might be precursors of DCs [38].

Without knowing more about the tissues where these subsets will migrate in vivo, these
in vitro experiments are difficult to put into context. The extent to which human monocyte
subsets differentiate into DCs in vivo is indeed too complex to predict, as both the phenotype
of the cultured monocytes and factors present in the in vitro culture are expected to have a
strong influence on the differentiation. For instance, CD14"CD16™ monocytes differentiate
into Langerhans cells, the typical epidermal DC population, with potent antigen-presentation
functions in a modified tissue-engineered model of human epidermal equivalents [40].
However, in the absence of the epidermal environment, but in the presence of vascular



186 Frank Tacke

endothelial cells, CD16" monocytes are more prone to become DCs [38]. To relate the latter
findings to what occurs in vivo, it will be essential to identify the trafficking behavior of
CD16" monocytes or their murine equivalents in vivo.

The most popular model to study monocyte-derived DCs is to culture blood monocytes
of either subset [41] in the presence of GM-CSF and IL-4 [10,42-44] or other related
cytokine cocktails [45]. These DCs have been considered to the be the *gold standard” DC
[46] to assess maturation and many aspects of the biology of human DCs. Addition of TGFp1
to the culture has revealed how they can be directed to generate Langerhans cells in vitro
[47]. Recently, three papers have begun to question the possibility that GM-CSF/IL-4-treated
monocyte-derived DCs have true counterparts in vivo. Two of these studies investigated the
phenotype of DCs in human lymph nodes and failed to find critical markers on lymph node
DCs that are abundantly expressed on the culture-derived DCs [48,49]. Finally, in the
epidermal constructs where CD14°CD16™ monocytes differentiated into Langerhans cells
[40], resembling a similar outcome in vivo [37], IL-4/GM-CSF-derived DCs failed to do so
[40]. Thus, whereas the study of IL-4/GM-CSF-cultured monocyte-derived DCs is
undisputedly useful for studying DC biology, it is important to keep in mind that the pathway
of differentiation that leads to the generation of these cells may not be recapitulated in vivo.

Figure 1. Differentiation of human monocyte subsets in an in vitro model of transendothelial migration.
Human monocytes (yellow) or other leukocytes (pink) are applied for 1.5 h to a monolayer of human
umbilical vein cells, grown on an endotoxin-free collagenous matrix, and non adherent / transmigrating
cells are washed off thereafter. The collagenous matrix contains small particles (red dots) that are
phagocytized by entering monocytes (12 h). Between 12-48 h, some monocytes are reversely
transmigrating the endothelium in an ablumenal-to-lumenal direction. The photographs show
monocyte-derived cells in the subendothelial layer with a typical macrophage morphology (lower
picture) and reversely transmigrating with a typical dendritic cell (DC) morphology (upper picture).
Human CD16" monocytes are more prone to differentiate into DCs than CD14" monocytes in this
model.
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Figure 2. Mouse monocyte subsets and their migratory properties. A) Mouse blood monocytes can be

identified by flow-cytometric analysis as low SSC cells that stain positive for CD115 (M-CSF

receptor), F4/80 antigen and CD11b (Mac1, not shown). Monocytes can be divided according to their

Gr-1 (Ly6C/G) expression into Gr-1 high (hi), intermediate (int) and low (lo) cells. B) Mouse blood
monocyte subsets can be selectively labeled by the intravenous (i.v.) injection of fluorescent latex

particles (see main text for details). Cytospin analysis of blood 2 days after injection of latex i.v. shows
latex” monocytes (arrows) with typical mononuclear morphology. C) Schematic summary of the current

concept of trafficking of monocyte subsets. Gr-1" monocytes are preferentially recruited to sites of

inflammation, but their contribution to the turnover of steady state monocyte-derived cells in tissues is
as yet not clear. Gr-1' monocytes originate from Gr-1" monocytes during maturation through a subset

with intermediate Gr-1 expression (Gr-1'™). Gr-1'° monocytes are by far less efficiently recruited to

inflammatory sites, but have been proposed to contribute to the turnover of resident cells in the steady
state. D-F) Monocyte subsets were specifically labeled in vivo with fluorescent latex particles to trace

their trafficking pattern. Gr-1" monocytes enter the skin after local UV irradiation-induced
inflammation (D) or atherosclerotic plaques in apoE™ mice (E), but Gr-1' monocytes can also be
detected in atherosclerotic plagues in apoE™ mice after their specific labeling (F). Representative
immunohistochemical analysis shown; green, latex particles in monocyte-derived cells; red, CD68
(macrophage marker); blue, nuclei counterstained with DAPI. Epi, epidermis; lu, lumen.
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MoOUSE MONOCYTE SUBSETS

The mouse counterparts of the human monocyte subsets have been identified more
recently, prompting intensive investigation in order to determine their functional roles in
homeostasis and in inflammatory conditions [5,23,33,34]. Mouse blood monocytes can be
identified by flow-cytometric analysis as cells with a low side scatter profile that coexpress
CD115 (M-CSF receptor), CD11b (Mac 1) and F4/80 antigen (Figure 2A) [34]. In mice that
have green fluorescent protein (gfp) knocked into the fractalkine-receptor (CX3CR1)-gene
[50], two major monocyte populations are apparent with low or high gfp intensity [23,51].
These monocyte subsets can also be distinguished by high or low expression level of surface
Gr-1 (most antibodies to Gr-1 recognize two molecules, Ly6C and Ly6G), previously
considered to mark only neutrophils [23,33,34]. In fact, monocytes express Ly6C [33], and
neutrophils Ly6G and Ly6C. Similar to the human CD14" “classical’ monocytes, Gr-1"
monocytes are CCR2*CX3;CR1'CD62L"*, whereas Gr-1'° monocytes, similar to human CD16*
‘nonclassical’ monocytes, are CCR2'CX3CR1""CD62L" (Table 1) [23,33,34,51]. In fact, even
a small third subset with intermediate expression of Gr-1 and ‘transitional’ patterns of
chemokine receptors exists, likely analogous to CD14°'CD16" “intermediate” monocytes
(Table 1) [33,34]. The terms “transitional” or “intermediate” derive from the fact that Gr-1"
monocytes are precursors for Gr-1'° monocytes in the blood [33,34,52,53], despite the
original claim that the two subsets are independently derived [23]. The transition from Gr-1"
monocytes to Gr-1'° monocytes goes through a stage wherein there is formation of a transient
population of cells (Gr-1™) that expresses intermediate (and unique) phenotypic features.

Table 1. Mouse monocyte subsets. Characteristics of the three identified mouse blood
monocyte subsets, separated by high, intermediate (int) or low expression of surface
Gr-1, are summarized

‘classical’ ‘intermediate’ ‘nonclassical’
monocytes subset monocytes
Gr-1 (Ly6C/G) Gr-1 high Gr-1int Gr-1 low
expression
surface molecule CD115+, F4/80+, CD11b+
phenotype
CD62L+ CD62L-
chemokine receptor CCR2+ CCR2+ CCR2-
expression
CX;3CR1+ CX;CR1+ CX;3CR1++
CCR7+ CCR5+
CCR8+
human monocyte CD14+ CD16- CD14+ CD16+ CD14lo CD16+
equivalent CD64+ CD64+ CD64-

The identification of the mouse monocyte subsets opened the possibility to study their
trafficking and differentiation pattern in vivo. Different techniques have been developed to




Migration, Differentiation and Functional Role of Monocyte Subsets 189

trace monocyte subsets in mice. For instance, the different expression level of CX3CR1 in Gr-
1" (=CX3CR1*) and Gr-1'° (=CX3CR1**) monocytes [23] corresponds to a different gfp
intensity in the CX3CR19" knock-in mice, allowing one to trace monocytes for a period of
time without adoptive transfer [51]. However, once recruited to tissues, depending on the
course of differentiation, monocytes from CX3CR1%"* mice can lose or increase their gfp
expression as they differentiate into tissue macrophages or DCs [23,34,50,54] so that tracing
their fate in long-term studies is not possible.

For the purposes of tracing monocyte fate, one can also purify monocyte populations
from blood for adoptive transfer experiments [23,53,55]. However, the adoptive transfer of
monocytes can potentially introduce several artifacts as the isolation and ex vivo
manipulations significantly alter the activation status, differentiation, viability, and migratory
properties of monocytes [23,33], especially if antibodies are bound to the monocyte surface.
Nonetheless, adoptive transfer methodologies yield results consistent with other methods to
track monocytes. Some additional limitations of adoptive transfer of monocytes include the
technical difficulty associated with the procedure (often requiring many donor mice per
recipient) and the difficulty in quantifying monocyte behaviors, since only a small fraction of
transferred monocytes is typically recovered for analysis.

Our group has developed an alternative technique to stably and specifically label either
of the two major monocyte subsets with a phagocytic tracer directly in vivo without adoptive
transfer (Figure 2B) [52], a method that in principle resembles a technique previously applied
in rats [56,57]. Gr-1'° monocytes can be labeled by the intravenous (i.v.) injection of 0.5-pum
fluorescent latex particles. After i.v. latex administration, about 10-15% of the monocytes
become latex*, and about 90% of the latex™ cells are Gr-1'° monocytes by 24 h. Latex” Gr-1"
monocytes can be traced for over seven days in wild-type mice, and, as expected, the
numbers of latex” monocytes decrease over time due to the rapid turnover of blood
monocytes [52]. However, the disappearance of these labeled monocytes from the circulation
is not as rapid as would be predicted based on the reported half-life of blood monocytes
[52,58], except in the case where the mice have an inflammatory disease such as
atherosclerosis [59]. On the other hand, Gr-1" monocytes can be stably labeled using a
modification of this technique, in which monocytes are first transiently depleted by i.v.
application of liposomes loaded with the bisphosphonate clodronate [60] prior to the
introduction of latex beads [52]. The i.v. administration of latex particles during monocyte
depletion labels bone marrow monocytes, through cell transfer [52], and about 15% of
monocytes later entering the circulation are latex* and uniformly Gr-1". Monocytes remain
Gr-1" for about 5 days before they start to convert to the Gr-1"° subset [52]. Again, the
persistence of the labeled Gr-1"" monocytes in the blood is longer than expected [58], but is
notably decreased in mice with inflammatory disease [59] as was noted above for the Gr-1"
monocytes. These methods do not affect the migration patterns of labeled monocytes, do not
significantly affect monocyte gene expression patterns, and do not induce inflammatory
cytokines that can be detected in serum [59].

The transient depletion of blood monocytes by the systemic administration of clodronate-
loaded liposomes has revealed interesting insights into the relationship between the subsets
(Figure 2C) [23,33,34,52]. In the bone marrow, the majority of CD115" (pro)monocytes are
Gr-1", and CCR2 has been identified as a crucial factor for the exit of (Gr-1") monocytes
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from bone marrow into blood [61]. After depletion of all blood monocytes by clodronate-
loaded liposomes, returning circulating monocytes are exclusively Gr-1" and remain so for at
least 5 days. By 5 day, monocytes begin to convert to the other subsets as some downregulate
Gr-1 expression. By 7-9 days, the expected ratio of the mouse monocyte subsets has
equilibrated [33]. If latex particles are injected i.v. during monocyte depletion, all of the
monocyte initially labeled as Gr-1" monocytes have fully converted to Gr-1'° monocytes by
day 7-9 [52]. This rather slow conversion is observed only in the setting where monocytes
have been first depleted. The conversion from Gr-1" to Gr-1™ and Gr-1' monocytes is more
rapid in unperturbed mice and the conversion occurs within a few hours when Gr-1"
monocytes encounter a phagocytic tracer, as the injection of latex beads (into unperturbed
mice) promotes conversion to the Gr-1' subset within 24 h [52]. The relatively slower Gr-
1">Gr-1"° conversion of monocytes that enter blood during restoration of the monocyte pool
after depletion is consistent with the idea that conversion requires a certain period of
monocyte maturation in the circulation.

The latex bead-labeling technique is readily applicable to projects that aim to trace the
fate of monocyte subsets and has already been successfully applied to the study of
Langerhans cell precursors [37]. In this study, the latex-labeling technique was used as one of
three methods, including bone marrow chimeras and adoptive transfer, to trace monocyte
precursors in the epidermis. All methods yielded findings that were in agreement, illustrating
that the various methods, each with some caveats, are useful, reliable, and internally in
agreement. Latex-labeled monocytes typically carry only 1-3 particles per cell (Figure 2B)
[52]; this extent of labeling does not apparently alter their homing capacity, since the
frequency of labeled monocytes recruited to the peritoneum after thioglycollate injection is
similar to their frequency in the blood of the labeled mice [59]. The technique is more
guantitative and is not as demanding technically as adoptive transfer; it also requires fewer
mice than adoptive transfer, since endogenous monocytes are traced. Furthermore, in an
adoptive transfer experiment, the transferred monocytes have to compete with endogenous
monocytes which may likely alter their trafficking or differentiation, unlike after direct
labeling of endogenous monocytes. However, the possible adverse sequelae associated with
administration of the particles or the clodronate-loaded liposomes should not be dismissed,
although these effects may not be as significant as those encountered during the preparation
of cells for adoptive transfer. Death by apoptosis in response to the uptake of clodronate-
loaded liposomes [60] would lead to similar sequelae as occurs in transgenically engineered
mice where cell populations, such as dendritic cells [13] or macrophages [62], are induced to
undergo selective suicide by apoptosis. In the case of clodronate-loaded liposomes, apoptosis
of the targeted cell population is restricted to the locale of liposome administration [60], but it
is systemic in the transgenic suicide models [63]. Also, the transgenic suicide models may in
certain cases not be as specific as anticipated, as for instance the CD11c-DTR mice, ablating
CD11c+ DCs after diphtheria toxin administration, also show depletion of marginal zone
spleen and sinusoidal lymph nodes macrophages after induction [64]. Possible similar effects
on other tissue macrophages may exist in this model, and have not been examined [64].
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TRAFFICKING PATTERN AND CHEMOKINE RECEPTOR USAGE
OF MONOCYTE SUBSETS IN VIVO

As Gr-1" monocytes express CCR2, a molecule well known to be involved in
inflammatory monocyte recruitment [9], it was anticipated that Gr-1"' monocytes are rapidly
recruited to sites of inflammation (Figure 2C). In fact, the recruitment of Gr-1"" monocytes
into inflamed tissue has been convincingly shown in a variety of experimental models, such
as the acutely inflamed peritoneum [23,33,59], the inflamed retina [55] and infection with
Toxoplasma gondii [65] or Listeria monocytogenes [35] at the site of inoculation.
Furthermore, severe inflammation of the skin, as seen after local ultraviolet (UV) irradiation,
also results in the massive recruitment of Gr-1" monocytes (Figure 2D) [37]. In typical
models of acute inflammation, Gr-1" monocyte recruitment is critically dependent on CCR2
[66,67], but not on CX3CR1 [50]. In addition to CCR2, CCR6/CCL20 is involved in the
recruitment of Gr-1"" monocytes (and other DC precursors?) into epithelial tissues after
adjuvants application to the skin or buccal mucosa [36,68]. This CCR6/CCL20 dependent
mechanism of Gr-1" monocyte recruitment into the dermis and epithelium is essential for
CD8+ T cell priming against innocuous protein antigen administered with adjuvant [36].

We and others have also investigated the role of monocyte recruitment in atherosclerosis,
a more complex chronic inflammatory disease model. It is well established that monocytes
critically participate in the development and progression of atherosclerotic lesions, as
monocyte-derived cells are major components of these plaques [69]. The various techniques
to study mouse monocyte trafficking, e.g. bead-labeling, adoptive transfer or genetic labeling
have been applied in atherosclerosis-prone apoE™ mice in order to unravel the rate of
recruitment of Gr-1" (and Gr-1'°) monocytes into atherosclerotic lesions and the chemokine
receptors that these subsets utilize for entering plaques [59,70,71]. These studies revealed a
robust recruitment of Gr-1" monocytes into atherosclerotic plaques, where they differentiate
primarily into macrophages (Figure 2E) [59,71]. Gr-1" monocytes required CCR2, CCR5,
and, unexpectedly, CX3CR1 for emigration into atherosclerotic lesions [59]. In contrast, the
migratory pattern of Gr-1"" monocytes in the absence of inflammation is not well understood.
This may differ dependent on the specific environment in different organs. For instance, Gr-
1" or Gr-1" monocytes do not seem to contribute to DC populations in the spleen in the
steady state, but following infection or sterile inflammation, they become a specialized type
of splenic DCs and/or develop into DCs in other inflamed organs [53,72]. In contrast, Gr-1"
monocytes can give rise to DC populations in the lung after adoptive transfer even in the
absence of overt inflammation [73].

Even less is known about the trafficking and fate of Gr-1'° monocytes. In contrast to Gr-1
" monocytes, they migrate scarcely or not at all to inflamed tissue in mice, including the
acutely inflamed peritoneum [23,33,59], or to skin after intracutaneous injection of latex
beads [34], administration of vaccine formulations [36], or epicutaneous UV exposure [37].
The only exception recognized to date is atherosclerosis as a model of chronic vascular
inflammation. Gr-1"° monocytes are capable of entering atherosclerotic plaques, although less
efficiently than their Gr-1" counterparts [59]. Due to their low capacity to traffic to inflamed
tissues, it has therefore been hypothesized that Gr-1'° monocytes may fulfill critical roles in
replacing resident macrophages or DCs in the steady state [23].
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It has further been suggested that the Gr-1'° monocytes utilize CX3;CR1 to migrate into
noninflamed tissue for replacing resident macrophages or DCs, given their higher surface
expression of CX3CR1 and the CX3CL1-dependent transendothelial migration of human
CD16" monocytes in vitro [23,24]. However, the experimental evidence for the trafficking
pattern and the potential role of Gr-1'° monocytes as precursors for resident tissue cells is
rather limited. After adoptive transfer, Gr-1'° monocytes can be found in blood, spleen, liver,
lung, and brain of recipients for up to 3 days after transfer, and then at very diminished
numbers by day 4 [23]. Given the fact that the human counterparts to Gr-1'° monocytes, the
CD16" monocytes, express low levels of CCR5 [22,24], this chemokine receptor should be
considered a potential mediator of the trafficking of this subset. One study in mice appears
consistent with the possibility that CCR2" monocytes (Gr-1' subset) express elevated CCR5
levels [74]. In atherosclerosis, Gr-1'° monocytes emigrate into lesions independent of CCR2
and CX3CR1, but require CCR5 [59]. Gr-1"° monocytes have been also found to migrate to
the lung in the steady state and appear to give rise to CD11b™ pulmonary DCs [53,73].
CX3CR1 appears to be involved in this trafficking pattern (unpublished observations).

RELEVANCE OF MONOCYTE-DERIVED
DENDRITIC CELLS IN VIVO

While the differentiation potential of human and murine monocytes into DCs in vitro is
undoubtedly clear [10], the extent to which monocyte differentiate in vivo into DCs is more
challenging to address. It will be important to trace differentiation and migration in several
different tissues and conditions. Until now, it has often been assumed that the precursor for
DCs in spleen will be relevant in all lymphoid and peripheral tissues [1,44,75]. This is
unlikely to be true.

Some of the Gr-1'° monocytes that emigrated to the spleen after adoptive transfer
expressed DC markers like CD11c or MHC 11 [23], but interpreting these data is difficult,
because other experiments by the same group revealed recently that monocytes, irrespective
of the subset, are not DC precursors in spleen [1]. Overall, the extent to which Gr-1"°
monocytes replenish tissue-resident macrophages and DC populations in the absence of
inflammation, or the extent to which monocytes contribute to the steady state DC pool in vivo
in general, is still unknown. The puzzling nature of the behavior of this subset in vivo,
particularly its apparent resistance to extravascular recruitment, raises more questions than
answers at present about the importance of this subset in vivo. Several situations have been
identified in which monocyte subsets give rise to DCs in vivo, as discussed below.

After intradermal (i.d.) injection of fluorescent latex particles in skin, mild inflammation
is observed that results in the recruitment of phagocytic CD11b" monocytes. About 25% of
these latex-bearing monocytes migrate thereafter into the draining lymph node where they
differentiate into MHCII"DEC205" DCs that variably express CD11c [76,77]. Interestingly,
neither CCR2 nor CX3CR1 is required for monocyte recruitment, migration or differentiation
towards DCs in this model [34]. Gr-1'° monocytes are not recruited in this model, but Gr-1"
and the minor Gr-1"™ population of monocytes are. Indeed, the small Gr-1™ fraction appears
to be the population most “predisposed” to give rise to DCs in this model, and these cells
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express MRNAs for chemokine receptors that regulate migration to the lymph nodes, CCR7
and CCR8 (Table 1) [34].

Although it is undisputed that monocytes can give rise to DCs under inflammatory
conditions, the extent to which they do so in vivo in clinically relevant settings and especially
for the turnover of DCs in the steady state remains unknown. Recently, a clonogenic bone
marrow progenitor that is CD117" (c-kit), CD115" and CX3CR1" has been identified that
gives rise to monocytes, macrophages and resident CD8o."/CD8a spleen DCs [1]. These cells
are upstream precursors of bona fide monocytes, but they may circulate somewhat
independently of monocytes and have a greater plasticity for differentiation than the
conventional blood monocyte.

Direct evidence that a circulating monocyte subset gives rise to a resident peripheral DC
population, again especially clear under inflammatory conditions, is provided for the
differentiation of Gr-1"' monocytes into epidermal Langerhans cells [37]. In the steady state,
Langerhans cells arise from a local, radioresistant precursor [67]. This precursor is dependent
upon CD115 expression for differentiation or survival [37]. However, severe skin
inflammation induced by local UV irradiation results in the full depletion of Langerhans cells
from skin, apparently including loss of the local precursor also [67]. In this setting, Gr-1" in
contrast to Gr-1'°, monocytes are recruited to the inflamed skin in a CCR2- and CCR6-
dependent manner, proliferate locally and differentiate into functional Langerhans cells or
dermal macrophages in vivo [37,67,68]. This work reveals the differentiation potential of
monocytes and shows how they fulfill their predicted role as circulating precursors for DCs
and macrophages, especially during inflammatory conditions in which there is increased
demand for DCs and macrophages. Similarly, in the context of vaccination through skin and
other mucosal routes, Gr-1" monocytes appear to be the most relevant DC precursors for
cross-priming that results in CD8" T cell response. The recruitment of these monocytes is
dependent upon CCR®6 [36].

Monocytes also have important roles as DC precursors in models of infectious diseases.
In spleen, Gr-1"" monocytes are linked to the formation of so-called “Tip-DCs”, a population
of antigen-presenting cells expressing tumor necrosis factor and inducible nitric oxide
synthase. These cells are essential for the killing of Listeria monocytogenes-infected cells
within the spleen [78]. Another interesting role for Gr-1" monocytes in the context of
immunization is the “priming” of naive B cells that will ultimately facilitate their
differentiation into Ig-producing cells. This process was recently found to be dependent upon
Gr-1*F4/80" cells that very well may be Gr-1" monocytes [79]. Interestingly, these Gr-1*
cells appeared to serve as the source for IL-4 that in turn mediates the B cell priming [79].

Recent studies raised the possibility that DCs in peripheral organs, including but not
limited to lung, may arise at least to some extent from monocytes in the steady state. After
DCs are artificially ablated in the airway and lung, adoptively transferred monocytes can
contribute to their repopulation [53]. Further work revealed that monocytes became
pulmonary DCs in resting mice even in the absence of ablation or overt inflammation [73].
Future studies will show if this is a general mechanism or specific to certain organs such as
the lung.

In closing, after only a few years following the identification of monocyte subsets in
mice [23], we have come closer to understanding their roles in vivo, as the cited examples
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above illustrate. The rate of progress in this area is rapidly picking up pace, giving rise to the
expectation that we will soon know much more about the biology of monocytes in the steady
state and inflammation. Further work in vivo is essential for placing in vitro work with human
monocytes into context and providing input for the generation of improved in vitro models.
The parallels between Langerhans cell precursors in the study by Schaerli et al., who
employed an in vitro model of human epidermis [40], with the recent work of Ginhoux et al.
in vivo [37] indicate that studies in mice will indeed likely be relevant to gaining a better
understanding of the biology of human monocytes.
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Chapter IX

HEMATOPOIETIC DIFFERENTIATION OF MOUSE
EMBRYONIC STEM CELLS, A VALUABLE SYSTEM
FOR IN VITRO STUDY OF EMBRYONIC
HEMATOPOIESIS AND LEUKEMIAGENESIS

Gang-Ming Zou*
Department of Pathology, Johns Hopkins University School of Medicine, Baltimore,
MD 21231, USA.

ABSTRACT

Mouse embryonic stem (ES) cells are derived from the inner cell mass of the 3.5-
day-old blastocyst. These cells retain the differentiation ability after many passages in the
presence of leukemia inhibitory factor. Removal of leukemia inhibitory factor results in
mouse ES cells differentiation into embryoid bodies. Mouse ES cells have been regarded
as a versatile biological system which has made significant advance in cell and
developmental biology. They possess developmental potentials to differentiate into
hematopoietic cells. Using the mouse ES/EB system, a precursor that responds to
vascular endothelial growth factor and generates colonies consisting of undifferentiated
blast cells was identified. These VEGF-responsive blast cell colonies were shown to
contain endothelial, primitive erythroid, and various definitive hematopoietic precursors.
These cells are referred to as blast colony-forming cells and are thought to be cells
represent the hemangioblast precursor of blood and endothelial lineages. Other
hematopoietic cells, such as progenitor B cells, mature B cells, dendritic cells, mast cells,
neutrophils, and T cells can also be generated from mouse ES cell differentiation. This
ES cell differentiation toward to the generation of hematopoietic cells might be a useful
system to study gene function and regulation in hematopoietic development. Using this
system, we recently identified protein tyrosine phosphatase Shp-2 is essential for mouse
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ES cell-derived hematopoietic differentiation and Apel regulate hematopoietic
differentiation of mouse ES cells through its redox function domain. In this chapter, we
review the induction of mesoderm cells, particularly hematopoietic cells from mouse ES
cell differentiation. We also summarize and discuss the recent advance in the
hematopoietic cell development using mouse ES cell differentiation system.

Keywords: ES cell, stem cells, embryonic hematopoisis, leukemia, Shp-2, Apel.

ABBREVIATIONS

AGM Aorta-gonad-mesonephros;
BFU-E Erythroid burst-forming cells;
BL-CFC  Blast colony-forming cells;
CFU-E Erythroid colony-forming cells;

CML Chronic myeloid leukemig;

EB Embryoid body;

ES Embryonic stem cells;

Ery-D Definitive erythroid progenitor cells;
Ery-P Primitive erythroid progenitor cell;
GM-CSF  Granulocyte-Monocyte-Colony Stimulating Factor;
HPC Hematopoietic Progenitor cells;
HSC Hematopoietic stem cells;

LIF Leukemia Inhibitory Factor;

LPS Lipopolysaccharide;

miL-3 Murine Interleukin-3;

RAG2 Recombination-activating gene-2;
Rb Retinoblastoma;

SCF Stem Cell Factor;

SiRNA Small interfering RNA.

INTRODUCTION

Cell differentiation in developmental biology describes the process by which cells
acquire a “type’. The morphology of a cell may change during differentiation. It is the
process by which unspecialized cells become specialized into one of the many cells that make
up the body, such as a heart, liver, brain, muscle, or blood cells. During differentiation,
certain genes have been turned on or become activated, whereas some other genes have been
switched off or inactivated. A cell that is able to differentiate into many cell types is known
as pluripotent. These cells are named stem cells in animal and meristematic cells in higher
plants. Differentiation is an important phenomenon in embryogenesis. The fertilized egg, the
first entity of the life, has the ability to generate an entire organism. The fertilized egg
commit to cell differentiation which result in the formation of a blastocyst. Blastocyst
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composes outer trophoblast cells and undifferentiated inner cell mass. Mouse ES cells are
derived from the inner cell mass of the 3.5-day-old blastocyst (Evans et al., 1981; Martin.
1981). ES cells retain the differentiation ability of the inner cell mass after many passages in
the presence of leukemia inhibitory factor (LIF) (Sato and Nakano, 2001). The pluripotency
of these cells as demonstrated in vivo by the introduction of ES cell into blastocyst. The
formation of mouse chimeras demonstrated that ES cells can contribute to all cell lineages
including the germ line (Bradley et al, 1984). Removal of LIF results in ES cell
differentiation into embryoid bodies (EB) (Zou et al, 2003) (also see Figure 1). Mouse ES
cells exhibit the ability in vitro to reproduce the various somatic cell types (See Figure 2) and
also the cells of germ line, therefore, become an effective in vitro system to study cell
differentiation and regulation in the embryo stage.

Figure 1. Photograph of three EBs on day 10 differentiated from mouse ES cells.

Mouse ES cells

v

Embryoid

HSC

body (EB)
v
Ectoderm Mesoderm Endoderm
Neurons Cardiomycyte Pancreatic cells
Glia Skeletal muscle Hepatocyte

Figure 2. Differentiation of mouse ES cells to ecto

derm, mesoderm and endoderm.
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THE HEMATOPOIETIC HIERARCHY

Hematopoiesis is defined as the process by which all the different cell lineage that from
the blood and immune system are generated from a common pluritopotent hematopoietic
stem cells. During the lifespan, two separate hematopoietic systems exist, both arising during
embryonic development but only one persisting in the adult stage. The primitive system is
derived from the extraembryonic yolk sac and consists mainly of nucleated erythroid cells,
which carry oxygen to the developing embryonic tissues (Robertson et al, 1999). When the
embryo increases in size, this early circulatory system is superseded by the more complex
definitive hematopoietic system, which originates within the embryo itself and continues
throughout adult life. This definitive hematopoietic system produces all adult blood cell types
including erythrocytes and cells of the myeloid and lymphoid lineages. All these cells are
derived from pluripotent hematopoietic stem cells (HSCs) through a succession of precursors
with progressively limited potential under the control of specific cytokines such as
interleukins and granulocyte/monocyte-stimulating factors. In most cases, the cytokines that
determine differentiation to a particular lineage are well defined. However, the factors that
regulated HSC generation and maintenance of pluripotency are not fully understood
currently. The adult hematopoietic tissues (i.e. bone marrow, thymus and spleen) are seeded
by multilineage blood cells derived from the fetal liver. During embryogenesis, however,
fetal liver hematopoiesis is preceded by the emergence of pluripotent HSCs in a region of the
paro-aortic splanchnopleural mesoderm containing the dorsal aorta, gonadal ridge and
mesonephros, named the aorta-gonad-mesonephros (AGM) region. In vitro studies and
repopulation analyses in myeloablated recipient mice suggest this region as a major source of
long-term repopulating-HSCs between 8.5-11.5 days post coitum (dpc) in the mouse, prior to
the onset of liver hematopoiesis. These cell clusters express CD45 as well as several markers
in common with adjacent endothelial cells including CD34, which is commonly used to
identify HSCs in bone marrow and peripheral blood. CD34-positive cells isolated from
murine AGM at 10.5 dpc can give rise to cells of all mematopoietic lineages in vitro. These
intro-aortic cell clusters constitute the first site of definitive HSC generation during
development and represent the origins of adult hematopoiesis. Within the embryonic AGM
region, the eventual fate of hemangioblasts is determined by factors that bind at the cell
surface, triggering downstream signaling pathways that culminate in the activation of
hematopoietic of other lineage-specific genes. A stromal layer underlying the ventral floor of
the dorsal aorta within the AGM has been suggested to represent a niche. This HSC niche
supports HSC development. This highly defined ventral region, coupled with the absence of
contaminating committed hematopoietic progenitors within the AGM at this stage of
development, provides an ideal environment in which to investigate the factors involved in
the generation and regulation of HSCs in vivo.
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EARLY EMBRYONIC HEMATOPOIESIS IS RECAPITULATED IN
EBs DERIVED FROM MOUSE ES CELLS

In vitro differentiation of murine ES cells generates relatively large numbers of early
embryonic hematopoietic cells and their immediate precursors which can be isolated and
manipulated for further study (Weiss and Orkin, 1996). Hematopoiesis in EBs also occurs in
distinct waves. The two step replating assay demonstrates that separate populations of
erythroid progenitors appear in a characteristic temporal fashion. Primitive erythroid
progenitors which arise at day 4 or 5 of EB development and then rapidly disappear yield
small colonies that synthesize embryonic globins. Definitive erythroid progenitors appear
later and generate larger colonies that contain adult globins. These two precursor populations
have distinct growth factor requirements: the former are erythropoietin responsive while the
latter require Epo and SCF for full development, consistent with diminished requirements for
SCF in primitive as compared with definitive hematopoiesis in vivo.

HEMANGIOBLAST FROM MOUSE ES CELL DIFFERENTIATION

The hemangioblast is a bipotential cell that gives rise to hematopoietic and endothelial
cells (Chung et al, 2002; Perlingeiro et al, 2003). Although the existence of the
hemangioblast was first postulated early last century, a cell with this activity has yet to be
unequivocally identified in mammals. In the last decade, gene targeting experiments in the
mouse have uncovered genes which are required for development of both the hematopoietic
and endothelial lineages, Using the ES/EB system, a precursor that responds to VEGF and
generates colonies consisting of undifferentiated blast cells was identified (Kennedy et al,
1997). These VEGF-responsive blast cell colonies were shown to contain endothelial,
primitive erythroid, and various definitive hematopoietic precursors. These cells are referred
to as blast colony-forming cells (BL-CFC) and are thought to be cells represent the
hemangioblast precursor of blood and endothelial lineages. This system is now being used to
dissect the molecular regulation of hemangioblast development and differentiation (Forrai
and Robb, 2003). ES cells deficient for the transcription factor scl/tal-1 are unable to generate
hemangioblasts, while those deficient for Runxl generate reduced numbers of these
precursors (Lacaud et al, 2001). These findings suggest that both genes play pivotal roles at
the earliest stages of hematopoietic and endothelial development. Apel (also named Ref-1) is
a dual functional protein which plays a role both in DNA repair and redox regulation (Evans
et al, 2000; Kelley and Parsons, 2001). Recently, we used siRNA to knock down Apel gene
expression in EB cells and discovered that reduction of Apel by SiRNA results in a
significant decrease in the frequency of hemangioblast formation. These studies suggest that
Apel may play a critical role in embryonic hematopoiesis (Zou et al, 2007).
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HSC FRoM MoOUSE ES CELL DIFFERENTIATION

HSCs are precursors that give rise to all red, white blood cells, and platelet. Mouse HSCs
may exhibit a different phenotype compared with human HSCs, for example, human HSCs
do not express Sca-1 (see Table 1). C-kit"Sca-1" murine bone marrow cells are representative
for mouse HSCs. Mouse ES cell differentiated in vitro will yield a multitude of hematopoietic
derivatives, whereas progenitors displaying true stem cell activity remain difficult to obtain.
Possible causes are a biased differentiation to primitive yolk sac type hematopoiesis, and a
variety of developmental or functional deficiencies. Recent studies in the Zebrafish have
identified the caudal homeobox transcription factors (cdx1/4) and posterior hox genes
(hoxa9a, hoxb7a) as key regulators for blood formation during embryonic development
(Lengerke et al, 2007). Activation of Cdx and Hox genes during the in vitro differentiation of
mouse ES cells followed by co-culture on supportive stromal cells generates ESC-derived
HSCs capable of multilineage repopulation of lethally irradiated adult mice. One approach to
obtain definitive HSCs from ES cells is to enforce expression of gene that stimulates
hematopoiesis. Using a murine ES cell line, Wang et al (2005) demonstrated that Cdx
promote commitment to hematopoietic mesoderm; stimulate hematopoietic progenitor
formation from murine ES cells. Brief pulses of ectopic Cdx4 or HoxB4 expression are
sufficient to enhance hematopoiesis during ES cell differentiation, presumably by acting as
developmental switches to activate posterior Hox genes (Lengerke et al, 2007).

Table 1. Cell surface marker of hematopoietic stem cells

Mouse HSC Human HSC
CD34"" CcD34*
CD38+ CD59"
Thy1*"ow Thy1
SCA-1" CD38 oW
C-kit" c-kit "W

lin° lin°

ERYTHROID PROGENITOR FROM
Mouse ES CELL DIFFERENTIATION

Erythrocytes develop from multipotent hematopoietic progenitor cells through a series of
differentiation, including a common myeloid progenitor and the progenitors that have been
already to the red cell lineage, such as BFU-E and CFU-E. BFU-E differentiates into CFU-E
on stimulation by erythropoietin, and then further differentiates into erythroblasts when
stimulated by other factors. In 1990, Lindenbaum and Grosveld, two scientists in England,
first reported about erythroid progenitor differentiation of mouse ES cells (Lindenbaum and
Grosveld, 1990). They used mouse ES cells to study globin gene expression and switching in
vitro. They demonstrated that ES-derived EBs express the full complement of mouse
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embryonic globin genes in the correct temporal order and that on further differentiation, a
switch occurs to the fetal/adult genes. NF-E1, the erythroid-specific transcription factor, was
expressed coordinately with that of globin in EBs. Their experiments indicate that the ES cell
system provides a valuable model to study erythroid hematopoietic development. We recently
found that protein tyrosine phosphatase Shp-2 is essential for both Ery-P and Ery-D colony
formation in mouse ES cell differentiation (Zou et al, 2006). Furthermore, we have identified
that Apel redox function is required for Ery-P and Ery-D colony formation using mouse ES
cell differentiation system (Zou et al, 2007a).

MYELOID PROGENITOR CELLS FROM
Mouse ES CELL DIFFERENTIATION

Myeloid progenitor can be generated from mouse ES cell differentiation. When cultured
in semisolid medium, ES cell lines efficiently generated EBs containing blood islands in
which hematopoietic cells from all six myeloid lineages could be detected. Erythropoietin
significantly increased blood island formation. Colony-forming cells of all myeloid lineages
as well as multipotent progenitors can be identified. Hematopoietic differentiation of ES cells
under these conditions reflects formation of the complete range of blood cells found in the
yolk sac of the early fetus. Therefore this system can be a unique model in which to study the
earliest events of hematopoietic development in vitro (Burkert et al, 1991). Raf kinases play
an integral role in embryonic myeloid hematopoiesis, as in vitro murine ES cell-derived
myeloid progenitor development is quantitatively impaired in the absence of B-Raf. This
phenotype is caused by the loss of B-Raf expression and associated ERK1/2 activation during
hematopoietic progenitor cell formation (Kamata et al, 2005). Shp-2 is a member of
cytoplasmic Src homology 2 (SH2) domain-containing protein tyrosine phosphatases. It is a
gene product of PTPN11 gene. Although Shp-2 has been shown to be necessary for
hematopoiesis using a mouse model expressing a mutant residual protein (Shp-22'2), it might
not the direct evidence to prove HSCs is the direct target for Shp-2 in Shp-2-mediated
hematopoietic regulation since embryonic mesoderm development is defect in this Shp-2
mutant mice. To better address this question, we recently used siRNA to knockdown PTPN11
gene expression in EB cells and examined the consequences on murine ES-derived primitive,
and definitive hematopoietic development. We have found that myeloid progenitor formation
was decreased significantly after transfection with PTPN11 siRNA (Zou et al, 2006). Apel
(also named Ref-1) is a molecule with dual functions in DNA repair and redox regulation of a
number of transcription factors. This molecule is required for normal embryo development
(Xanthoudakis et al, 1996). To explore the role of Apel in regulating embryonic
hematopoiesis, we recently used the murine ES cell differentiation system and a SiRNA
approach to knockdown Apel gene expression. We have found that myeloid progenitor
development from murine ES cell differentiation in vitro was reduced significantly when
Apel gene expression was knocked down by Apel-specific sSiRNA. To explore the
mechanism whereby Apel regulates hematopoiesis, we found that inhibition of the redox
activity of Apel with E3330, a specific Apel redox inhibitor, but not Apel DNA repair
activity, which was blocked using the small molecule methoxyamine, affected cytokine-
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mediated myeloid progenitor development in vitro. These studies reveal the physiological
role of Apel normal embryonic myeloid hematopoiesis and that the redox function, but not
the repair endonuclease activity, of Apel is critical in regulation of normal embryonic
hematopoietic development in mouse (Zou et al, 2007a).

LYMPHOID PROGENITOR FROM
Mouse ES CELL DIFFERENTIATION

An antibody-secreting B cell is derived from a lymphoid stem cell through a series of
developmental stages: progenitor B cell (pro-B cell), precursor B cell (pre-B) cell, immature
B cell, and mature B cell stage. Pro-B cell development, like proliferation or differentiation,
is regulated by various cytokines, such as IL-3, IL-7 etc. IL-3 stimulates in vitro growth of
primary c-kit"B220" pro-B cells sorted from murine fetal liver (Winkler et al, 1995). Por-B
cells can be generated from mouse ES cell differentiation through coculture with OP9 stromal
cells (Cho et al, 1999). Pu.l plays an essential role in the development of all lymphoid
lineages; however, it also regulates commitment to other blood cell lineages. We recently
provided evidence for early B cell lineage commitment as determined by coexpression of
CD19 and B220 when Pu.1l expression was knocked down in HPCs by Pu.l siRNA. The
expression of early B cell factor and paired box protein 5 transcription factors was induced
when cells were treated by Pu.l siRNA. We also identified that knockdown of Pu.l
expression was more efficient in generating progenitor B cells compared with the more
common in vitro method of B lymphoid development by means of coculture of CD34" EB
cells with OP9 stromal cells. So, in early B cell development, constitutive Pu.l expression
inhibits the earliest B cell development through repressing early B cell factor and paired box
protein 5 expressions (Zou et al, 2005).

DENDRITIC CELL GENERATION FROM
Mouse ES CELL DIFFERENTIATION

Dendritic cells (DCs) are antigen presenting cells that are potent stimulators of both T
and B cell-mediated immune responses. They are normally present in very small numbers in
the peripheral blood. They can be differentiated in vitro from various cellular sources,
including bone marrow, cord blood and PB mononuclear cells. The majority of research and
clinical protocols to date differentiate DCs from precursors using GM-CSF in combination
with either TNF-a or IL-4 (Zou and Tam, 2002). Since the limitation in number of dendritic
cells in blood, investigators have studied to generate DCs from ES cells and suggest the
potential clinical application of DC derived from ES cells (Fairchild et al, 2005; Senju et al,
2003). Senju et al (2003) developed a method to generate DCs from mouse ES cells. They
cultured ES cells for 10 days on feeder cell layers of OP9, in the presence of GM-CSF in the
latter 5 days. Then the ES cell-derived cells were transferred to bacteriologic Petri dishes
without feeder cells and further cultured for 7 days, irregularly shaped floating cells with
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protrusions appeared and these expressed MHC class Il, CD11c, CD80, and CD86, with the
capacity to stimulate primary mixed lymphocyte reaction and to process and present protein
antigen to T cells. The functions of these ES- derived DCs (esDCs) were comparable with
those of DCs generated from bone marrow cells. Upon transfer to new dishes and stimulation
with IL-4 plus TNF-a, combined with anti-CD40 monoclonal antibody or LPS, the esDCs
completely became mature DCs, characterized by a typical morphology and higher capacity
to stimulate MLR. Pro-inflammatory Cytokine LIGHT is a type Il transmembrane protein
belonging to the TNF family that was originally identified as a weak inducer of apoptosis. It
is also named CD258. The receptor for LIGHT is HVEM and LT-BR. LIGHT plays a role in
inducing maturation of dendritic cells, such as upregulating CD80, CD86 expression on
dendritic cells (Zou et al, 2004). We recently used esDCs to examine the regulatory role of
LIGHT in chemokine production in DCs. We found that esDCs express CCR7 and CCR10
(the receptor of CCL27) upon the LIGHT stimulation. LIGHT also upregulates CCL27, but
not CCL19 and CCL21 expression in those cells. LIGHT stimulation increases the esDC
migration potential. Further investigation show that LIGHT activated DCs autocrine CCL27
which regulate their migration as Blockage of CCL27 on esDCs using neutralizing antibody
reduces migration potential. In signaling study, we identified that LIGHT activated NF-xB in
esDCs and inhibition of NF-kB activation by specific inhibitor can partly attenuate the effect
of LIGHT in regulation of CCL27 expression. We demonstrate that pro-inflammatory LIGHT
stimulation enhances CCL27 expression through activation of NF-xB in DCs (Zou et al,
2007Db).

T CELL DIFFERENTIATION FROM MouUsE ES CELLS

T Iymphocyte plays a central role in cell-mediated immunity. Mouse ES cell
differentiation also generates T cells (de Pooter et al, 2003). Recombination-activating gene-2
(RAG2) is required for the rearrangement of antigen receptor genes. Mice homozygous for a
loss-of-function mutation of the RAG2 do not produce mature B and T lymphocytes. But
chimeric mice that result from injection of normal ES cells into blastocysts from RAG2-
deficient mice develop normal mature lymphocyte populations, all of which are derived from
the injected ES cells; this process is called RAG2-deficient blastocyst complementation.
Homozygous Retinoblastoma (Rb) mutant ES cells can develop into phenotypically normal,
mature B and T lymphocytes in the RAG-2-deficient background. Rb-deficient B and T cells
do not have major defects in either activation or function (Chen et al, 1993). Mature T cell
can also be generated from implanted ES-derived EBs in nude mice (Chen et al, 1995).
Recently, it has been suggested that directed differentiation of mouse ES cells into T cells
required the engagement of Notch receptors by Delta-like 1 ligand expressed on the OP9-
DL1 stromal cell line. ES-derived T cell progenitors effectively reconstituted the T cell
compartment of immunodeficient mice, enabling an effective response to a viral infection
(Schmitt et al, 2004). A transient FIk1'CD45 subset of EB cells are able to differentiate into
T lymphocytes in vitro; and the use of reaggregate thymic organ cultures greatly enhanced T
lymphocyte frequency. These findings strongly reveal that ES cells can exhibit in vitro T-cell
potential.
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B LYMPHOCYTE DIFFERENTIATION FROM MoOUSE ES CELLS

B lymphocyte plays a key role in the humoral immune response. They are an essential
component of the adaptive immune system. Mature B lymphocyte can be generated from the
differentiation of mouse ES cells. B lymphocytes generated in vitro from mouse ES cells are
functional. These ES-derived B lymphocytes secrete Ig upon stimulation with LPS at a
mature mitogen-responsive stage. The ES cell-derived A-MuLV-transformed pre-B (EAB)
cells are phenotypically and functionally indistinguishable from standard A-MuLV-
transformed pre-B cells derived from infection of mouse fetal liver or bone marrow. EAB
cells possess functional V (D)J recombinase activity (Cho et al, 1999).

MAST CELLS

Mast cell (or mastocyte) is a resident cell of areolar connective tissue that contains many
granules rich in histamine and heparin. Beside their role in allergy and anaphylaxis, they also
play an important protective role as well, being intimately involved in wound healing and
defense against pathogens. Mast cells differentiate from multipotent hematopoietic
progenitors in the bone marrow. Cytokine SCF is a major chemotactic factor for mast cells
and their progenitors. It elicits cell-cell and cell-substratum adhesion, facilitates the
proliferation, and sustains the survival, differentiation, and maturation, of mast cells
(Okayama and Kawakami 2006). Mouse ES cell differentiation produces mast cells. To
determine the importance of the prosurvival factors Bcl-2 and Bcl-XL for mast cell
development and survival, bel-x” and bcl-27 mouse ES cells were maintained in medium
supplemented with either IL-3 or IL-3 in combination with SCF to favor mast cell
development. Deficiency in either bcl-x or bcl-2 completely inhibited the development of ES-
derived mast cells. ES-derived mast cells lacking bcl-x or bcl-2 exhibited strong expression
of Al, another prosurvival Bcl-2 family member. Both bcl-x and bcl-2 are indispensable for
survival of mast cells derived from mouse ES cell differentiation (Moller et al, 2007).

NEUTROPHILS

Neutrophils are a type of white blood cell, specifically a form of granulocyte, These cells
contain neutrally-staining granules, tiny sacs of enzymes that help the cell to kill and digest
microorganisms it has engulfed by phagocytosis. The mature neutrophils have a segmented
nucleus while the immature neutrophil has band-shape nucleus. The lifespan of neutrophil is
about 3 days. Neutrophilia, an increased proportion of neutrophils in the blood, is a common
finding with acute bacterial infections. A nouse ES cell/OP9 coculture system is effective to
produce functional neutrophils. The OP9 stromal cell line significantly enhances the
production of neutrophils from ES cell differentiation. Morphologic and functional
evaluation of these ES-derived neutrophils indicates that most of them are mature
neutrophils. Their morphology, ability to produce superoxides, flux calcium, undergo
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chemotaxis in response to MIP-2, and contain the neutrophil-specific markers Gr-1 suggests
that they are comparable with purified mouse bone marrow neutrophils (Lieber et al, 2004).
Successful differentiation of ES cells into neutrophils provides a useful model system for
studying neutrophil differentiation and function and the factors that regulate them.

ENDOTHELIAL CELL DIFFERENTIATION
FROM MoUSE ES CELLS

Endothelial cells are the thin and flattened cells, and a layer of them lines the inside
surfaces of body cavities, blood vessels, and lymph vessels, making up the endothelium.
They are involved in many aspects of vascular biology, such as vasoconstriction and
vasodilation, and hence the control of blood pressure, blood clotting, atherosclerosis,
angiogenesis, inflammation and swelling (oedema). Vascular endothelial cells regulate both
normal hematopoiesis (Ohneda et al, 1997) and malignant hematopoiesis (Hatfield et al,
2006). Endothelial cells are also one of cell member of HSC niche (Zou, 2007).
Hematopoietic cells and endothelial cells can be derived from a common precursor cell
named hemangioblast in embryonic stage. Moreover, some evidence suggested that
hematopoietic cells can emerge from endothelial cells (Li et al, 2005). Endothelial cell can be
generated from mouse ES cell differentiation (Marchetti et al, 2002; Sauer et al, 2005;
Gimond et al, 2006). Marchetti et al (2002) described a novel genetic approach that selects
for endothelial cells from differentiating ES cells. The strategy they used is based on the
establishment of ES-cell clones that carry an integrated puromycin resistance gene under the
control of a vascular endothelium-specific promoter, tie-1. Using EGFP as a reporter gene,
they have confirmed the endothelial specificity of the tie-1 promoter in the embryoid body
model. They suggested that application of endothelial lineage selection to differentiating ES
cells will be a useful approach for future pro-angiogenic and endothelial cell replacement
therapies. To explore the molecular mechanisms driving angiogenesis in tissues derived from
ES cells are currently unknown. Sauer et al (2005) recently investigated the effects of direct
current electrical field treatment on endothelial cell differentiation of mouse ES cells.
Treatment of ES cell-derived embryoid bodies with field strengths ranging from 250 V/m to
750 V/m, dose-dependently increased the capillary area staining positive for CD31.
Pretreatment with the JNK inhibitor SP600125 resulted in a significant decrease in capillary
areas, whereas the p38 inhibitor SB203580 was without effects. Endothelial cells derived,
purified and expanded in vitro from ES cells sustain an important endothelial cell function,
the ability to undergo vasculogenesis in collagen gels. These studies indicate that endothelial
products derived in vitro from stem cells could be useful in regenerative medicine
applications (McCloskey et al, 2005). Using ES-derived endothelial cells, it is suggested that
PDK1 is essential for the motility of vascular endothelial cells (Primo et al, 2007)
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APPLICATION OF MOUSE ES CELL DIFFERENTIATION TO
STUDY LEUKEMIAGENESIS

Cancers are suggested to originate in stem cells through the accumulation of multiple
mutations. Some of these mutations result in a loss of heterozygosity (LOH). A recent report
demonstrates that exposure of mouse ES cells to nontoxic amounts of mutagens increase the
frequency of LOH. Therefore, mutagen induction of LOH in ES cells suggests a new pathway
to account for the multiple homozygous mutations in human tumors. This induction is able to
mimic early mutagenic events that generate cancers in human tissue stem cells (Bielas et al,
2007). Mouse ES differentiation generates both primitive erythroid and definitive myeloid
lineages in a process that mimics hematopoiesis in the mammalian yolk sac. To investigate
leukemic transformation of these embryonic hematopoietic progenitors, mouse ES cells were
transfected with the Chronic Myeloid Leukemia-specific BCR/ABL gene. Following the
culture for differentiation, two transformed subclones, EB57 and EB67, were isolated. They
retained characteristics of embryonic hematopoietic progenitors and induced a fatal leukemia
in mice characterized by massive splenomegaly and granulocytosis. EB57 secretes IL-3 and
unidentified cytokines that can stimulate autocrine and paracrine cell proliferation,
presumably accounting for the reactive granulocytosis in diseased mice (Peters et al, 2001).
In BCR-ABL transfected mouse CCE ES cells, the major effect of BCR-ABL expression was
the persistence of primitive morphology of ES cells despite LIF deprivation, correlated with a
constitutive activation of STATS3, the major self-renewal factor of ES cells, but no evidence
of activation of STATS5. To study the relevance of STAT3 activation by BCR-ABL in human
CML, Coppo et al (2003) demonstrated an increased levels of STAT3 proteins
phosphorylated both on tyrosine and serine residues on the CD34" cells, purified from CML
patients at different stages of their disease. These studies indicate the potential functional link
between BCR-ABL oncogene and a self-renewal in the context of ES cells through
constitutive activation of STAT3. Thus, the BCR-ABL ES cell model suggests a role for
STATS in the pathogenesis of human CML.

CONCLUSIONS

It is obvious that mouse ES cell differentiation take advantage in study the molecular
event in regulation of embryonic hematopoiesis. Most type of hematopoietic cells can be
generated from mouse ES cell differentiation in vitro. ES cell differentiation can be used to
test candidate growth factors and cytokines for initiation and support of embryonic
hematopoiesis. ES-derived EBs also provides a valuable source for new cytokines that
stimulate primitive and/or definitive hematopoiesis. Moreover, this stem cell differentiation
model also exhibits the implication in the study of leukemiagenesis.
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ABSTRACT

Follicle stimulating hormone (FSH) and testosterone have been described as
necessary factors for proliferation of Sertoli and germ cells, as well as having a role in
apoptosis. However, their role in germ cell differentiation has not been studied in detail.
FSH is a proteic hormone produced in the anterior hypophysis and has receptors located
in Sertoli cells, which in turn function as nurse cells for germ cells in the seminiferous
epithelium. The expression of FSH receptors changes during the cycle of seminiferous
epithelium. Germ cells in consecutive steps of differentiation are located in each
progressive stage of the seminiferous epithelium, indicating a role for FSH signaling in
the differentiation of germ cells. CREB (CRE-protein binding) is a transcription factor
involved in differentiation of germ cells and it is modulated by FSH. Some CREM-
regulated products have been shown to participate in germ cell differentiation. Recent
studies have focused on the intracellular signaling after FSH joins with its receptor, and
how it influences germ cell differentiation. Testosterone-stimulated germ cell
development occurs via paracrine communication with Sertoli cells. The androgen

* *Correspondence concerning this article should be addressed to: Andrés Aragon, email:
andresammx@yahoo.com.
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receptor is expressed in a stage-specific manner during the seminiferous epithelium
cycle. Recent studies on gene expression show a number of genes modulated by
testosterone, many of which do not follow the traditional pathway of
androgen/receptor/gene expression, but are activated by another signalization pathway.
This chapter begins with the background necessary to understand the general role of FSH
and testosterone in seminiferous epithelium and then addresses the molecular signaling
initiated by these chemical messengers.

INTRODUCTION

Cell differentiation occurs as a response to the signals of neighbor cells. This interaction
permits the differentiating cell to express its specialized character in the overall context of
location within a specific tissue. Spermatogenesis is a process constant of proliferation and
meiosis, in which every daughter cell is compromised toward germ cell differentiation
(spermatogonia, spermatocytes and spermatids) or to function in the renewal of its own
population (spermatogonia).
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Figure 1. Schematic representation of the principal chemical messengers regulating spermatogenic
function. T, testosterone; E,, estradiol; LH, luteinizing hormone; FSH, follicle- stimulating hormone;
Sc, Sertoli cell; Lc, Leydig cell; spg, spermatogonium; spc, spermatocyte; spd, spermatid; spz,
spermatozoon.
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It is widely accepted that the spermatogenic process is regulated by the gonadotropins
follicle-stimulating hormone and luteinizing hormone which, in turn, are released by the
gonadotropes-gonadotropin release hormone (GnRH). GnRHergic neurons located in the
hypothalamus are regulated by other neurons, of which the nervous endings contact
GnRHergic neurons (Figure 1). There is feedback among the sexual steroids produced by the
testicles (progesterone, testosterone, and estradiol), the gonadotropes in the anterior
hypophysis, and the hypothalamus.

Lumen of seminiferou tubules

tight junction

/ VI

basal membrane

Progression on time

Figure 2. Germ cell associations in stages of mouse seminiferous epithelium. Germ cells with distinct
morphology in stages VII-IX are depicted. All transformations (dynamic differentiation) occur in a
segment of the seminiferous tubule. spg, spermatogonium; spc, spermatocyte; spd™, round spermatid;
spd®, elongated spermatid; spz, spermatozoid; Sc, Sertoli cell; Nsc, Sertoli cell nucleus.

Spermatogenesis occurs into the seminiferous tubules, out of which Leydig cells and
blood vessels are located. In the seminiferous epithelium, the spermatogonium, located in the
basal compartment, is the most primitive germ cell. Proliferation of spermatogonies occurs by
mitosis. By the process of meiosis, the spermatocytes, located in adluminal compartment,
give origin to the spermatids. Spermatids undergo a dramatic process of differentiation that
converts them into the highly specialized sperm cells. Histologically, spermatogenesis
progression is observed as a series of consecutives stages, each one characterized by a
particular association of germ cells. A complete series of changes in cell associations (stages)
arranged in the logical sequence of developmental progression is called the cycle of
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seminiferous epithelium. These associations develop and remain in one region of a
seminiferous tubule. A segment of a tubule contains (in rodents) a single association;
whereas, a complete series of segments constitutes a wave of seminiferous epithelium [1].
The number of stages and the type of associations is specie-specific. For example, there are
twelve stages in mouse, fourteen in rat, and six in man. This classification divides a
continuous process into discrete segments (Figure 2), then makes it possible to investigate the
expression and role of individual factors along the spermatogenic process. Such an
arrangement of the seminiferous epithelium means that inducing-differentiation factors are
present in the seminiferous epithelium in a stage-specific manner.

A distinct and well-defined population of germ cells interacts with Sertoli cells in a
cyclic pattern. Sertoli cells secrete a large number of proteins and regulatory factors that are
crucial for germ cell development [2], and apparently germ cells are needed to maintain that
cycle of Sertoli cells [3,4]. Spermatogonies/spermatocytes in the basal compartment of
seminiferous epithelium are in contact with the basal lamina and Sertoli cells, whereas
pachytene spermatocytes and spermatids are located in the adluminal compartment. Mature
spermatozoa are located apically in Sertoli cells. Both basal and adluminal compartments are
formed by tight junctions between adjacent Sertoli cells known as the blood-testis barrier
(BTB) [5]. As germ cells move into the adluminal compartment, tight junctions between
adjacent Sertoli cells from behind the germ cells, creating the BTB. The BTB segregates
meiotic and postmeiotic cells into immunologically privileged adluminal compartment [5].
This cellular arrangement indicates that chemical messages stimulating development and
differentiation of germ cells in adluminal compartment should be processed by Sertoli cells,
and that germ cells in the basal compartment receive chemical messages distinct from those
in the adluminal compartment.

THE ROLE OF FSH IN SPERMATOGENESIS

It is well established that the FSH plays an important role in testicular development and
spermatogenesis. In vivo FSH has been show as a survival factor [6,7]. In the adult rat and in
humans, serum FSH levels remain relatively constant. However, the expression of FSH
receptor (FSHR) on Sertoli cells varies more than three fold in a cyclical and stage-specific
manner such that receptor levels are highest in stages XIII-11 and minimal during stages VII-
VIII [8,9]. Because FSH receptor are found exclusively in the Sertoli cells, but not in germ
cells themselves, it is likely that the FSH stimulation of Sertoli cells results in the induction
of an intratubular factor essential for the survival of the male germ cells, as early suggested
by Billig et al., [7].

FSH binding to its receptor is known to activate at least five signaling pathways in
Sertoli cells: cAMP-PKA, MAP Kkinase, calcium, phophatidylinositol 3-kinase, and
phospholipase A2 patways (reviewed in [10]). The testicular actions of FSH are mediated via
a specific G protein-coupled cell surface receptor uniguely expressed in Sertoli cells [11].
Ligand-dependent activation of the FSHR initiates the production of intracellular cAMP [12]
and Ca? [13] second messengers. The levels of FSH-induced cAMP production in Sertoli
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cells closely follows the levels of FSH receptor with highest levels of cAMP observed in
stages XIV-VI [14]. FSHR in perinatal animals induces a molecular signaling cascade that
induces phosphatidylinositol 3-kinase/AKT pathway, it promotes aromatase expression and
estradiol production, which stimulate the proliferation of Sertoli cells [15]. One target for the
increase in CAMP and PKA is a class of transcription factors that bind to cAMP response
elements (CREs). Specifically, the CRE binding protein (CREB) transcription factor is
rapidly activated after being phosphorylated on serine 133 by PKA in response to FSH
stimulation [16].

CREB may induce transcription factors required to activate others genes supportive of
spermatogenesis [17], hormones that regulate spermatogenesis [18], and apoptotic factors
[19,20]. FSH and cAMP induce expression of the stem cell factor (SCF) in Sertoli cells, and
there are three potential CREB-binding sites in the SCF promoter [21,22]. It is knowed that in
absence of SCF stimulation, spermatogonia and spermatocytes undergo apoptosis [23,24].

The CREB transcripts in Sertoli cells fluctuates in a cyclical manner that depend on the
specific cell association along the spermatogenic wave. In Sertoli cells of rats CREB mRNA
is present in stages I-111 of the seminiferous epithelium, highest in stages I1-VI, and decreases
to nearly undetectable levels during stages IX-XIV [25]. Sertoli cells do not appear to
undergo apoptosis or necrosis when CREBm1 (mutant of CREB that cannot be
phosphorylated on serine 133) is over expressed, implying that CREB is nor required for
Sertoli cell survival [26]. In Sertoli cells, CREB is known to regulate directly or to be linked
to the regulation of a number of genes required for differentiation of spermatozoa [17].

Because of the blood-testis barrier, the Sertoli cell must provide many factors required
for the maintenance and development of germ cells [27]. Several genes that encode for
proteins involved with microtubule and cytoskeleton rearrangement were identified as being
regulated by FSH. These include actins, tubulins, lamin A, ankrin 3, and catenin alpha 2 [28].
The change in expression of few genes such as junctional adhesion molecule and scinderin
whose products are involved in cell adhesion indicated a role for FSH in the adhesion of
germ cells to Sertoli cells [28].

FSH has also been implicated in the expression of various isoforms of CREM (CAMP-
responsive element modulator) that are expressed in spermatocytes and spermatids and are
required for survival [29,30]. However, as suggested by prior researchers [10], this regulation
of germ cell CREM by FSH must be indirectly mediated trough as yet unidentified Sertoli
cell factors. CREM is undetectable in prepubertal animals but highly abundant in adults [31].
CREM accumulates in haploid spermatids and is required for transcriptional activation of
several post-meiotic genes [31,32]. Most of these genes encode structural proteins required
for differentiation of spermatozoa [17,28]. On transgenic male rats -/- CREM germ cell
development is arrested in spermiogenesis and the cell are eliminated by apoptosis [33,30].

The CREB/CREM system can negatively autoregulate itself. Another CREM isoform,
inducible cAMP early repressor (ICER), encodes a powerful repressor of cAMP-responsive
genes [34]. In Sertoli cells, the only member significantly expressed is the ICER repressor,
whereas, all the CAMP-dependent gene activation is carried out by CREB. In germ cells,
however, the task of executing gene activation falls mainly on CREM. Seminiferous
epithelium analysis of CREM-mutant male mice revealed post-meiotic arrest at the first step
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of spermiogenesis and a dramatic decline in post-meiotic gene expression. However, FSH
and testosterone levels were not affected by the mutation [33].

FSH is generally considered a differentiation promoting agent for Sertoli cells [35]. This
corresponds to ID proteins generally being considered as proliferation-promoting and
differentiation-inhibiting factors. The ability of FSH to supress ID expression correlates with
an increased differentiation and decreased proliferation of the cells [36]. A overexpression of
ID and ID2 genes in a posmitotic, terminally differentiated cell type have the capacity to
induce reentry into cell cycle [35].

THE ROLE OF TESTOSTERONE IN SPERMATOGENESIS

Testosterone and Androgen Receptor in the Seminiferous Epithelium

Hormonal regulation of the spermatogenic process occurs during three phases: initiation,
maintenance and re-initiation [37]. Spermatogenesis in gonadotropin-deficient mice is
gualitatively initiated by androgens [38]. Androgen is necessary for the completion of
meiosis and differentiation of round spermatids into spermatozoa. If androgens are eliminated
by hypophysectomy, there is a partial loss of round spermatids, with elongated spermatids
observed [39], and if residual testosterone is eliminated by using a Leydig cell citotoxic such
as dimethanesulphonate, or by a competitor of androgen such as flutamide, only a few round
spermatids are observed and no elongated spermatids are present [40,41]. It is thus clear that
androgen plays a very important role in the development and differentiation of germ cells.

The role of androgen in spermatogenesis is mediated by androgen receptor (AR).
Circulating androgens dissociate from carrier proteins, specifically sex hormone-binding
globulin, prior to diffusing into target cells and binding to intracellular AR. The unliganded
receptor is an inactive oligomer complexed to heat shock proteins (eg. Hsp90, Hsp70) and
located in the cytoplasm. The oligomeric complex dissociates when bound to hormone, and
the receptor undergoes a conformational change while being transporting to the nucleus, and
while binding as a homodimer to DNA hormone-responsive elements [42]. AR is located in
Leydig, peritubular myoid, and Sertoli cells, although localization in germ cells is
controversial [43,44,45]. In this sense, some studies indicate that the presence of AR in germ
cells is not necessary for normal germ cell development [46,47] and fertility [46]. Paracrine
communication between somatic and germ cells thus appears to be responsible for germ cell
differentiation, although the mechanisms involved are poorly understood. AR protein
expression in Sertoli cells varies as a function of the cycle of seminiferous epithelium For
example, in rat Sertoli cells, AR is first detected at late stage 1V or early stage V, and high
expression is maintained until spermiation in stage VIII. Expression disappears completely by
stage 1X [48,49].

Sertoli, peritubular myoid, and Leydig cells have the ability to mediate the transcriptional
effects of androgen, and receptor concentrations may be a limiting factor for responsiveness
[50]. The cell-autonomous AR actions in Sertoli cells is an absolute requirement for androgen
maintenance of complete spermatogenesis, and spermatocyte/spermatid development/survival
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depends critically on androgens. However, which factors are regulated by AR/androgen and
how they stimulate spermatogenesis progression is poorly understand. Recently, the use of
AR-knockout or ABP-overexpressing models and microarray technology have revealed
which genes are AR-regulated and have shed light on the general role of AR/androgen
interactions in the spermatogenesis process.

Lessons of Knockout Models in AR Function

Studies using total or cell-specific AR-knockout male mouse lines have demonstrated a
differential effect of AR in spermatogenesis. A Sertoli cell-selective knockout of AR
increased germ cell apoptosis and grossly reduced expression of genes specific for late
spermatocyte or spermatid development (AR exon 2 locus, Cre, Pem, A-myb, Pro-Acrosin
binding protein, PT1, PT2, Protamin 1 and 2, anti-Mullerian hormone, ABP, cyclin Al and
sperm-1) [51,52]. These findings indicate that AR expression and function in testicular cells
other than germ cells, play a critical role in normal spermatogenesis. Differences in
expression of cytoskeletal and extracellular matrix-related genes were found in Sertoli cell
AR-knockout mice [53], and are related to the induction of a broad spectrum of functional
defects, such as alteration in movements of developing germ cells, impaired functional
integrity of the BTB, transport protein and paracrine factor production and/or secretion [54].
These defects impair nursery functions for developing cells and lead to the arrest of
spermatogenesis before the second wave of meiosis [52,54,55,56]. In total or Sertoli cell AR-
knockout mouse lines, AR is essential for the completion of meiosis. In the total AR-
knockout line, spermatogenesis does not progress beyond the pachytene spermatocyte stage
(i.e. before meiosis Il initiation, stage X), whereas Sertoli cell AR-knockout germ cells
develop until the diplotene spermatocyte (approximately coincident with meiosis initiation,
stage XI) [46,52], and Leydig cell AR-knockouts reach the diplotene/meiosis Il stage (round
spermatid, stage XII). Interestingly, spermatogenesis is complete and the sperm produced are
functional in germ cell AR-knockout mice [46]. Thus androgen/AR signaling in Sertoli cells
plays the most important role in spermatogenesis [46]. Another hand, in vitro [57] and in vivo
[46,52,55] non-functional AR leads to a diminished steroidogenic function and to
spermatogenesis arrest, principally at the round spermatid stage.

Reduction of androgen levels in transgenic male mice overexpressing ABP increased the
expression of a large number of genes, and only a small number were decreased [58],
whereas in hypogonadal mice, testosterone treatment repressed rather than stimulated gene
expression [59]. This phenomenon may represent a compensatory mechanism activated in
testosterone-deprived Sertoli cells, or some of the activated genes may actually be negative
regulators of Sertoli cell functions required for the support of spermatogenesis [58].

Chemical communication between androgen-producing Leydig and Sertoli cells is very
important for the maintenance of spermatogenesis. Although androgen and AR have
important roles in Sertoli cells, loss of functional AR in Leydig cells has a major influence on
Leydig cell steroidogenic function (i.e. testosterone production decreased) leading to
spermatogenesis arrest, predominately at the round spermatid stage [46].
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AR and the Blood-Testis Barrier

Prior to puberty the Sertoli cells undergo active cell proliferation, and at the onset of
puberty they become a terminally differentiated posmitotic cell population that support
spermatogenesis. The molecular mechanisms involved in the posmitotic block of pubertal and
adult Sertoli cells are unknown [35]. Sertoli cell fate is established in the embryonic gonad at
the time of sex determination [60,61] and is followed by a phase of rapid proliferation and
differentiation. During puberty, the final phase of Sertoli cell differentiation occurs, which is
marked by cessation of proliferation, and irreversible changes in Sertoli cell morphology and
physiology [62]. The changes associated with terminal differentiation of Sertoli cell at
puberty include exit from the cell cycle and the formation of BTB [35]. This differentiated
phenotype is needed for the proper microenvironment and cytoarchitectural support of the
developing spermatogenic cells. Sertoli cell differentiation is accompanied by the expression
of many gene products that are not present in immature cells [45,63,64,65,66,67].

During spermatogenesis, basally located spermatogonia differentiate into the
preletotene/leptotene stages of primary spermatocytes, and initiate meiosis. These primary
spermatocytes must migrate from the basal compartment to the BTB in late stage VII to early
stage IX of the cycle of seminiferous epithelium in mouse testis [68].

Loss of functional AR in Sertoli cells causes a broad spectrum of functional defects that
lead to the arrest of spermatogenesis before the second wave of meiosis [52,55,56]. A cause
of this phenomenon is the disruption of the BTB [54]. In Sertoli cell AR-knockout mice the
expression of tight junction-related genes such as cystatin-TE [69], ocludin [54], claudin 3
[5] and claudin 11 [54,69], is decreased, so it is clear that the absence of AR impairs
functional tight junction formation and integrity.

Sertoli and Germ Cells as Regulators of Cycle of the Seminiferous
Epithelium

It is as yet not clear whether Sertoli or germ cells play the dominant role in regulating the
seminiferous epithelium cycle. Timmons et al., [70] showed in WT mice that the somatic
epithelial cycle can be maintained in the absence of germ cells for at least the first week of
neonatal life, but Meng et al., [5] suggest that androgen could regulate the microenvironment
within the seminiferous epithelium, creating conditions that are permissive, rather than
instructive, for germ cell differentiation. Notably, rat germ cells transplanted into a mouse
testis differentiate with rat cell kinetics [71]. The fact that embryonic stem cells can
differentiate into germ cells in vitro in the absence of seminiferous epithelium supports the
latter hypothesis [5].

An early research [72] suggested that there is Sertoli cell cycle, whereas and as Franca et
al., [71] observed also germ cell cycles. However, the communication mechanisms that
would permit synchronization of the cycles, and which are the molecular players involved in
the dynamic cell differentiation (Sertoli and germ cells) are not known. However, a series of
studies support parallel cycles. The absence of a functional AR in Sertoli cells prevents the
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progression of germ cell development [46,52,55] is indicative of a tight
communication/synchronization of cycles between somatic and germ cells, and every germ-
cell type expresses a group of genes in a stage-specific manner during spermatogenesis
development [73,74,75]. Some of these genes could be expressed in all germ cells that are
regulated during the cycle of seminiferous epithelium [73], which supports the idea that
differential communication could synchronize Sertoli and germ cell cycles.

From all above information, androgen could trigger a transcriptional response in Sertoli
cell, leading to instructive signals to the germ cells. Microarray studies on androgen function
(AR-knockout [53], ABP-overexpression [58] or hypogonadal model [59]) show both up-
and down-regulation of a great number of genes. However, at present only two genes are
known to be expressed in Sertoli cells that have androgen-responsive elements that respond
directly to androgens: the placental and embryo oncofetal gene Pem [76] and the
protooncogene c-Myc [77]. Alternative mechanisms of androgen action, for instance, via
conversion into estrogens [78] or via non-genomic pathways [79,80,81] thus must be
considered to explain the development and differentiation of germ cells. Cheng et al. [80] and
Fix et al., [81] demonstrated the activation of Src kinase and thus a MAPK cascade and
CREB transcription factor by testosterone stimulus in Sertoli cells. Expression of three genes
(LDH-A, CREB and Egrl) was observed in testosterone-stimulated Sertoli cells, none of
which is regulated by androgen-responsive elements in their promoters, a finding that is
consistent with the paradigm that androgen can activate Sertoli cell expression by means of
MAP kinase pathway and CREB [81]. CREB and Egrl are also regulated by a decrease in
testosterone concentrations [58]. A scheme for testosterone signaling pathways in Sertoli
cells has been proposed by Walker et al., [10].

CONCLUSIONS

The need for testosterone stimulation in meiotic/postmeiotic differentiation in germ cells
is clear. However, the testosterone-induced factors involved in the communication/
synchronization between Sertoli and germ cells are largely unknown.

Gene expression data from FSH or testosterone-regulation demonstrate the complexity of
the regulation of differentiation in seminiferous epithelium. To date, the need of FSH and
testosterone in stage-specific development is relatively known, but spatial regulation along a
tubule has not been explored. As mentioned above, a cell association develops and remains in
one region of the seminiferous tubule, but it remains to be demonstrated how the chemical
communication between adjacent Sertoli cells occurs, and particularly how a different
association along a wave of seminiferous epithelium is established. Another layer of
complexity is added to this problem by the occurrence of modulations in a tubule, i.e. the
linking of consecutive segments of a seminiferous tubule with no descending order.
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Chapter XI

TRANSFORMATION — NORMALIZING-
REDIFFERENTIATION — APOPTOSIS SEQUENCE
AND THE ROLE OF THE MITOCHONDRIA IN THE
RETINOID-PANCREATIC CANCER MODEL: IS IT

OBLIGATORY?

Tarek H. EL-Metwally*

Departments of Medical Biochemistry, Assiut University, Faculty of Medicine,
Assiut, Egypt.

ABSTRACT

Retinoic acid induced redifferentiation and apoptosis in pancreatic adenocarcinoma
cell lines. Redifferentiation included early reversion into aerobic metabolism reflected by
an increase of mitochondrial activity and -mass with normal membrane potential and
terminal ductal cell differentiation. Cells in such state would attempt correcting their
DNA abnormalities or otherwise commit suicide by apoptosis. In some cell systems such
as the present case, the stem cell potential of ductal pancreatic cells gave them an
alternative option, i.e., to transdifferentiate into functional endocrine normal cell type.
Again due to impossibility of correcting highly corrupted genome, cells eventually
succumbed apoptosis. Mitochondrial changes appear to be forcing factor for this process.
Such a process, transformation - normalizing-redifferentiation - apoptosis sequence, has
been shown by several studies utilizing various cell types, apoptotic inducers, biomarkers
and time-frames. Although some studies have shown concomitant apoptosis and
redifferentiation, others have reported apoptosis without prior redifferentiation. However,
utilizing appropriate time-frame and markers of earlier mitochondrial changes, one would
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detect a scenario similar to the present retinoid model. This situation can be achieved by
delaying apoptosis or reducing the inducer concentration in such systems. The final fate
of normal differentiated cells is apoptosis. Therefore, it was suggested that a degree of
normalizing redifferentiation of transformed cells might be expect prior to apoptosis,
simulating the physiological fate.

Keywords: retinoids — mitochondrial — redifferentiation therapy — redifferentiation-apoptosis
sequence.

INTRODUCTION

The progress in differentiation depends on an increase in the ratio between mitochondrial
differentiation-promoting activity and nuclear differentiation preventing activity. This ratio is
low in embryonic and stem cells, due to low mitochondrial content, but it increases by a rate
of mitochondrial multiplication that is larger than a doubling of mitochondrial content per
cell cycle. The rate of mitochondrial multiplication, therefore, determines the progress in
differentiation and subsequent apoptosis as a physiological fate. This rate is modifiable by
extracellular signals and cellular defects. Mutations and cytoskeletal changes are likely to
decrease the rate to the extend that differentiation is arrested with ensuing neoplastic growth.
Agents used in chemical therapy and ionizing radiation overcome this arrest by preferentially
targeting the cell cycle. The mitochondria multiply during the transitory cell cycle inhibition,
resulting in increased differentiation promoting activity. The finding of increase in
mitochondrial mass and induction of differentiation prior to the release of cytochrome ¢ and
apoptosis points to integration of the initial molecular pathways of differentiation and
apoptosis (von Wangenheim and Peterson, 1998). Differentiation is a short-term program of
biogenesis responsible for the rapid changes in the bioenergetic phenotype of mitochondria.
In contrast, proliferation is a long-term program responsible for the decrease in mitochondrial
mass in the cell. Moreover, some tissues, such as fetal liver have many phenotypic
manifestations in common with highly glycolytic tumor cells (Cuezva et al., 1997). The
differentiation - dedifferentiation process during transformation is a gradual loss of tissue
specific characteristics from benign, well-, moderately-, poorly- to undifferentiated state.
Likewise, the process of dedifferentiation — re-/trans-differentiation should not be looked at
as an on/off process but rather as a stepwise retrograde acquisition of the lost biochemical
properties, the least of it is the reversion into aerobic metabolism featured as a normal
mitochondrial membrane potential (A¥,) and increased mitochondrial mass and activity as
observed in the retinoid-induced pancreatic cancer redifferentiation-apoptosis sequence
(Ohashi et al., 1992; EI-Metwally et al., 2005a and b, EI-Metwally et al., 2006; Abelev and
Lazarevich, 2006).

The importance of the mitochondria in cell life and death is clear from being a major
target for the critical balance between pro- and antiapoptotic effectors particularly among the
Bcl2 family. In principle, biochemically, cancer cell is cancer cell even in the submicroscopic
stage. Tumor progression is usually associated with partial or complete loss of morphological
and biochemical features of the original tissue by the process of dedifferentiation. To a
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certain extent, carcinomas preserve differentiation markers of normal tissue, and
hemoblastoses precisely reflect the direction and differentiation level of their precursor cells.
However, carcinomas and hemoblastoses retain the ability to differentiate (Abelev and
Lazarevich, 2006). In cancer cells the activities, amounts, and pattern of key enzymes is
stringently linked with transformation and progression. In parallel with the rise in tumor
growth rates there is an increase in the activities of the key glycolytic enzymes in an aerobic
manner (conversion of glucose to lactate); glucokinase/hexokinase, 6-phosphofructokine,
pyruvate kinase (Weber, 2001). Accordingly, the glycolytic shift of cancer cell metabolism is
an integral part of the transformation process rather than an adaptive measure (Walenta et al.,
2004).

N X COOH S P e
All-trans-retinoic acid 13-cis-retinoic acid COOH

Figure 1. Chemical structures of the three utilized natural isomers of retinoic acid.

9-cis-retinoic acid

COOH

In our retinoic acid (RA, see figure 1) model using human pancreatic adenocarcinoma
cells, it was noticed that the direct MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide) cell proliferation assay greatly masked the antiproliferative effect of RA
compared to cell count, total proteins or *H-thymidine incorporation (EL-Metwally and
Adrian, 1999). Since, early transformation is associated with aerobic glycolysis and reduction
of mitochondrial activity and mass, it was hypothesized that for cancer cell to succumb to
apoptosis a minimum degree of redifferentiation, i.e., malignant transformation -
redifferentiation - apoptosis sequence, contrasting, normal - transforming-dedifferentiation -
immortalization sequence is required. Many would oppose this hypothesis, putting in mind a
full-scale tissue-specific redifferentiation as a prerequisite. However, what seems to be of
profound importance is the reversion into aerobic metabolism through mitochondria. This
degree of aerobic redifferentiation could be the least required for induction of apoptosis that
would accommodate any kind of apoptotic inducer or cell model. As a result, “immediate”
features of redifferentiation that suite such scenario depends on time-frame of the apoptotic
induction, type and concentration of the apoptotic inducer and cell type used. Therefore, the
observed induction of reductive MTT activity when it was normalized to number of cells or
total protein content was expectable because of the induction of the mitochondrial activity
and mass correlating redifferentiation. RA-induced redifferentiation early in time was
associated with several fold induction of MTT particularly using apoptotic concentrations of
RA (Figure 2). This would reflect induction of mitochondrial dehydrogenase activities.
Untreated pancreatic cancer cells growing in peripheral wells along the circumference of the
tissue culture plates showed reduced glucose utilization, lactate production and proliferation
compared to cells in internal wells (our unpublished observations). The former cells possibly
received more O, from the circulating incubation gas than cells in the internal wells
suggesting that the mere aerobiosis of cancer cells could be antiproliferative and
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redifferentiating. This contrasts the effect of hypoxia that correlates the adverse prognosis of
cancer in vivo. Expectedly, increasing O, concentration in cancers at the tissue and cellular
levels reduced the hypoxia-induced cancer cell aggression and expression of angiogenic
genes, a good prognostic biomarker (Al-Hallaq et al., 1998 and Funasaka et al., 2005). In
support, small size benign and well-differentiated cancers are well-vascularized and aerated.
However, cells of these cancers and normally-appearing surrounding cells are already
glycolytic. Despite that they do not have metastatic potential (Kolodin, 1977; Chevrollier et
al., 2005; Mazzanti et al., 2006). Transformation of colonic epithelial cells is characterized by
decreased mitochondrial activity, increased AW, and disrupted proliferation-apoptosis
equilibrium. Decreased mitochondrial gene expression is an early marker of colonic cancer
and tumorigenesis, thereby implicating alterations in mitochondrial function as an early event
in the transformation of colonic epithelial cells, regardless of the etiology. Moreover, an
intact AYy, is essential for growth arrest and apoptosis induced by butyrate (Augenlicht et al.,
1987; Faure Vigny et al, 1996; Heerdt et al., 2003). Similar to the observed induction of MTT
reducing activity, RA promoted nitroblue tetrazolium-associated functional cell
differentiation in prostate cancer PC-3 cells with re-activation of the tumor suppressor p75
neurotrophin receptor (Nalbandian et al., 2005). Additionally, the natural isoflavone genistein
was antiproliferative on MCF-7, human breast tumor; Jurkat cells, human T-cell leukemia; L-
929, mouse transformed fibroblasts cell lines in vitro with a G2/M cell cycle arrest and an
increase in cell volume and in mitochondrial number and/or activity. Consequently, the
significant influence of genistein on mitochondrial number and/or function resulted in a
sequential increase in MTT reduction to formazan per cell (Pagliacci et al., 1993).
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Figure 2. Induction of the MTT-reducing activity by retinoic acid. The extensive increase in the MTT
optical density normalized to total protein content after 2 days of treatment with three natural isomers of
retinoic acid (all-trans-, 9-cis- and 13-cis-) was measured and expressed as % of untreated controls in
pancreatic HPAF cells (EI-Metwally and Adrian 1999 and El-Metwally et al 2005a).

It has been suggested that the reduction in mitochondrial differentiation rather than
hypoxia modulates prognosis of cancer cells (Walenta et al., 2004; Funasaka et al 2005;
Mazzanti et al 2006). Moreover, it has been shown that solid tumors have massive
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differences in their metastatic potential although they all are hypoxic (von Wangenheim and
Peterson 1998; Weber 2001). In all tumor types investigated, high molar concentrations of
lactate were correlated with a high incidence of distant metastasis already in an early stage of
the disease. This was due to the activation of hyaluronan synthesis by tumor-associated
fibroblasts, upregulation of the vascular endothelial growth factor and of hypoxia-induced
factor-1a, and direct enhancement of cellular motility which generates favorable conditions
for metastatic spread (Walenta et al., 2004). Therefore, abnormalities in cytoskeleton and
associated proteins could be the major modifier of mitochondrial biogenesis and activity. RA-
induced apoptosis in T24 bladder cancer cells was associated with redistribution of Bax and
Bcl-2 proteins in the subcellular compartment. This coincided with reorganization of the
cytoplasmic intermediate filament network. Cleavage of cytokeratins by caspases in this
model was associated with aggregation of mitochondria and lysosome (Chien et al., 2004).
Moreover, chemical depolymerization of microtubules (MTs) invariably leads to the
inhibition of mitochondrial volume and mass increases during interphase of cell cycle. The
presence of stable MTs is most pronounced in various cellular processes which require a
large amount of energy: neurite outgrowth; myotube differentiation; formation of monolayer
of epithelial cells; pressure overloaded cardiac hypertrophy. Stabilization of MTs by
prolonged exposure of the human osteosarcoma cell line 143B cells and rat liver-derived RL-
34 cells to taxol induced an abnormal accumulation of mitochondria in cells arrested in G2/M
phase of the cell cycle. Mitochondrial proliferation and degradation have been suggested to
depend upon functional states of the organelles or energetic states of the cell. Accordingly,
disorganization of these processes is often associated with abnormal accumulation of
mitochondria in various models of cell death. On the contrary, depolymerization of
microtubules by nocodazole and colchicine inhibited mitochondrial proliferation during G1
to G2 phase progression and arrested cells in G2/M phase. Co-treatment of cells with taxol
and nocodazole or taxol and colchicines suppressed taxol-induced proliferation of
mitochondria as was confirmed by increase in subunit VIII of human cytochrome ¢ oxidase
and by enhanced mtDNA replication. Two subpopulations of mitochondria were detected in
taxol-treated cells: mitochondria with high A¥, and those with low AW, reflecting apoptotic
death. Treatment with herbimycin A or H,0,, known to induce the accumulation of
mitochondria in mammalian cells, causes stabilization of MTs in 143B cells. Furthermore, the
elevation of mitochondrial mass has been reported in HEP-2 cells cultured in the presence of
cytotoxic necrotizing factor 1 (CNNF1), an activator of Rho GTPase, a sufficient factor
required for the stabilization of MTs. 2-methoxyestradiol, which is structurally unrelated to
nocodazole or colchicine, depolymerizes MTs and at the same time inhibits the proliferation
of mitochondria (Karbowski et al., 2001). Leflunomide, an inhibitor of mitochondrial enzyme
dihydroorotate dehydrogenase, causes an unrestrained proliferation of mitochondria both in
human osteosarcoma cell line 143B cells and rat liver derived RL-34 cells with increased
intracellular level of acetylated a-tubulin. In consequence, changes in the physicochemical
properties of MTs may someway modulate the biogenesis of mitochondria (Spodnik et al.,
2002).

We observed that antiproliferation and cell cycle arrest were integral parts of a
redifferentiation - apoptosis sequence since low non-redifferentiation concentrations of RA
failed to provoke apoptosis (El-Metwally et al., 2005a). The proposed aerobic
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redifferentiation was also confirmed by a few fold induction of mitochondrial mass compared
to controls within 24 hrs. The AY, was normal at least for 3 days post-treatment. Significant
but gradual loss of AW, was observed thereafter (Figure 3).
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Figure 3. Increased mitochondrial mass and changes in mitochondrial membrane potential induced by
all-trans-retinoic acid. Mitochondrial mass was doubled in HPAF cells treated with the highest
apoptotic concentration used, 10 uM for 24 hrs, right side, compared to untreated control, left side
(Upper panel, EI-Metwally et al., 2005a). Mitochondrial membrane potential was normal after 24 hrs of
treatment, central part, but was gradually reduced to reach significance at 3 days, right part, compared
to control, left part (Lower panel, EI-Metwally et al., 2005b).

Previous reports showed that cell cycle arrest and apoptotic cascade induced by butyrate
is dependent upon the presence of a normal mitochondrial membrane potential (Bordonaro et
al., 1999). And, AY¥, elevation, stabilization, or collapse results in delayed, decreased, or
blocked apoptosis, respectively (Heerdt et al., 2000). The observed induction of
mitochondrial activity and mass suggests an effector role for the mitochondria in the present
RA-induced re-/trans-differentiation and subsequent apoptosis model. The mitochondrial
redifferentiation process is a part of a more generalized reprogramming of gene expression
towards normal cell behavior. Some of these normalized cells were able to functionally
transdifferentiate into pancreatic endocrine cells despite the presence of apoptotic
concentrations of RA (El-Metwally et al., 2006). This reflected the viability of the treated
cells and suggested their stem-cell potential to the extent of escaping apoptosis by
transdifferentiation into another cell type. Consequently, mitochondrial redifferentiation may
provide energy and/or effector molecules for the whole process including the repair of DNA
abnormalities re- and/or trans-differentiate. Apoptosis was induced a final fate because of the
impossibility of such a DNA repair. Similarly, it was reported that retinoids, as a single agent,
induce terminal differentiation phenotype well before cell death by apoptosis in a temporally
defined order (Yin et al.,, 2005). The acyclic retinoid, all trans-3,7,11,15-tetramethyl-
2,4,6,10,14-hexadecapentaenoic acid, prevented hepatocarcinogenesis in animal models and
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in a randomized clinical trial by eradicating premalignant and latent malignant clones of
transformed cells from the liver. Production of albumin, a redifferentiation marker, was
recovered while that of lectin-reactive isoform of alpha-fetoprotein, a dedifferentiation agent,
was reduced after treatment of human hepatoma-derived cell lines for 2 days. The cells
subsequently died due to apoptosis after 4 - 6 experimental days (Yasuda et al., 2002).
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Figure 4. Induction of terminal biochemical and phenotypic differentiation by retinoic acid. Particularly
treatment with the apoptotic concentrations of all-trans-retinoic acid induced extensive carbonic
anhydrase 11, upper part (EI-Metwally et al., 2005a), and transglutaminase (for 4 days, measured as *H-
putrescine incorporation, EI-Metwally et al., 2005b), middle part, activities. Lower panel show
morphology of control HPAF cells with polygonal unpolarized cells with massive nucleus-cytosol ratio
and mitotic figures, left side, compared with 2.5 uM all-trans-retinoic acid treated cells for 3 days with
typical polarized simple columnar epithelium with highly reduced nucleus-cytoplasm ration, secretory
activity and a few apoptotic bodies, right side (EI-Metwally et al., 2005a and b).
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Normal spatial and temporal patterns of cell proliferation, differentiation, and apoptosis
in the colonic mucosa are determined by developmentally programmed genetic and external
signals generated by homo- and heterotypic cell interactions, humoral agents, and luminal
contents. Mitochondrial function may play a pivotal role in integrating these signals and in
determining probability of cells entering different maturation pathways (Augenlicht et al.,
1999). Both doxorubicin and mitoxantrone were differentially potent inducers of apoptosis in
H9C2 cardiomyocytes and MTLn3 breast cancer cells. In particular, the two drugs induced a
progressive increase in mitochondrial mass in the cancer cells but not in the cardiac cells. The
mitochondrial proliferation preceded the nuclear apoptosis. The proliferation of mitochondria
could explain the higher toxicity of doxorubicin to cancer cells compared to cardiac cells
(Kluza et al., 2004). Elevated mitochondrial gene expression is an early event in the switch
from proliferation to differentiation of the human colon adenocarcinoma cell line, HT29,
promoted by trehalose replacement of exogenous glucose (Lu and Seligy, 1992; Lu et al.,
1992). The expression levels of COXIII, a mitochondrial gene encoding one of the 13
subunits of cytochrome ¢ oxidase, are abnormally low in colonic tumors and colonic tissue at
genetic risk for developing tumors. It was increased in HT29 human colonic adenocarcinoma
cells treated with butyrate that may enhance the potential for cellular respiration (Heerdt and
Augenlicht, 1991). Herbimycin-treated breast cancer cell line SKBr3 cells showed increased
mitochondrial mass, with no corresponding increase in A¥y, before undergoing apoptosis
(Mancini et al., 1998). Mitochondrial mass and mitochondrial DNA content were increased
with differentiation of human embryonic stem cells, which was accompanied by the increase
of the amount of ATP (4-fold) and its by-product reactive oxygen species (2.5-fold)
supporting anaerobic - to - aerobic metabolic transition during differentiation (Cho et al.,
2006). It was demonstrated that normal mitochondrial respiratory chain (MRC) plays an
essential role in the interferon-p/retinoic acid-induced cancer cell death. They upregulate the
expression of MRC complex | subunits (Huang et al., 2006). In the most successful
application of redifferentiation as an anticancer therapies, all-trans-RA induces
differentiation of acute promyelocytic leukemias carrying the t(1;19) translocation. Cells that
have differentiated although remained viable for a few days, eventually apoptosed.
Restoration of a normal differentiation program in cancer cells, in consequence, appears to
also activate an apoptotic mechanism similar to the normal physiological process (Ohashi et
al., 1992).

In our model, few cells started apoptosing with the beginning of treatment with apoptotic
concentration of RA. If these apoptotic cells would have been collected separately and
investigated, one could not detect the expected full-scale terminal differentiation. This
emphasizes the value of utilizing earlier mitochondrial redifferentiation to indicate its
necessity for the apoptosis (Augenlicht and Heerdt, 2001). Subsequently, remaining majority
of cells exhibited phenotypic and biochemical (increased carbonic anhydrase Il and
transglutaminase activities) features of terminal redifferentiation (EI-Metwally et al., 2005b,
Figure 4). Similar anaerobic into aerobic reversion was also reported during induction of
glucocorticoid-induced apoptosis with a biphasic course of lactate production. Prior to the
onset of apoptosis, i.e., prior to the loss of A¥n, lactate production was reduced. A massive
increase in lactate production was observed in the human acute lymphoblastic leukemia cell
line CCRF-CEM, subsequent to loss of AW (Tiefenthaler et al., 2001). Apoptosis in
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Herbimycin A-induced differentiation of the poorly differentiated colorectal carcinoma,
Colo-205 cells involves unrestrained mitochondrial proliferation and progressive AYp,
dysfunction preceding apoptosis (Mancini et al., 1997). Mitochondrial activity and glucose
consumption were significantly stimulated after sodium butyrate-induced peritoneal
carcinomatosis cells differentiation and prior to their apoptosis (Boisteau et al., 1996).
Ultrastructural examination of the doxorubicin-treated human MCF-7 breast adenocarcinoma
cells revealed morphological alterations consistent with the induction of differentiation (e.qg.,
increased lipid content and mitochondrial density, appearance of tight junctions, and
secretory ducts) with subsequent gradual loss of cells through apoptosis (Fornari et al., 1994).
The differentiation of the inducible murine neuroblastoma C1300 clone, N1E-115, associated
an important increase of the cellular content in mitochondria. This increase could be observed
with differentiating N1E-115 cells maintained in suspension, i.e., under conditions where
neurite outgrowth is prevented but other early stages of (biochemical) differentiation continue
to occur (Vayssiere et al., 1992).

Nevertheless, several studies reporting cytotoxic treatment inducing apoptosis set a
scenario formed of: a loss of mitochondrial membrane potential with or without cytochrome ¢
release, oxidative stress, activation of caspases, increase in annexin V binding and DNA
fragmentation without prior tissue specific differentiation. This sequence of events could be
true considering the time-frame; redifferentiation indicator(s) investigated; cell type and
apoptotic inducer used. Nevertheless, induction of confirmed apoptosis might had been
preceded by redifferentiation in these models, if earlier redifferentiation markers at earlier
time points and lower concentrations of the apoptotic inducer were used. For example,
cytokinins - plant redifferentiation-inducing hormones - were very effective in inducing
mature granulocytes in the human myeloid leukemia HL-60 cells. On the other hand,
cytokinin ribosides were the most potent substances for growth inhibition and apoptosis by
greatly reducing the intracellular ATP content and disturbing the A¥p, and the accumulation
of reactive oxygen species, not observed with cytokinins. Coincubation with O, scavenger,
antioxidant or caspase inhibitor, apoptosis was significantly reduced and the obscured degree
of differentiation with the ribosides along full-scale granulocytic phenotype was disclosed
and enhanced when the acute apoptosis was slowed down (lIshii et al., 2002). Therefore, in
such a model, the meaning of redifferentiation would depend largely on the stage at which
the respective biomarker would be expressed and detected. If biologically basic and general
biomarkers such as transient increase in oxidative mitochondrial activity or its effector
subunits, mitochondrial mass and normal potential were investigated at a tight time-frames, it
could be found that redifferentiation precede apoptosis. After differentiation of murine
erythroleukemia there was initial overexpression of mitochondrial oxidative phosphorylation
complexes Il and IV mRNAs followed by a gradual decline after 36 hr incubation with
DMSO and/or 2-(3-ethylureido)-6-methylpyridine (Vizirianakis et al., 2002). This is normal
since apoptosis is the physiological fate of a normal differentiated cell or a normalized
redifferentiated cell. Joshi et al. (1999) reported that a functioning mitochondrial respiratory
chain was required for cellular sensitivity to BMD188, a novel prostate cancer
chemotherapeutic drug. Resveratrol, a plant polyphenol triggers a p53-independent apoptotic
pathway in colon carcinoma HCT116 cell line that may be linked to differentiation since,
apoptosis was preceded by mitochondrial proliferation and signs of epithelial differentiation.
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Physiological concentrations of n-butyrate induced apoptosis independently of p53 in
HCT116 colon carcinoma cell line. The apoptosis was mediated through the mitochondria
and was accompanied by mitochondrial proliferation and AW, changes (Mahyar-Roemer and
Roemer, 2001). Reipert et al. (1995) also reported mitochondrial proliferation and increased
mass at all stages of cell cycle in etoposide treated FDCP-mix, a pluripotent murine
hematopoietic stem cell line. Subsequently, there was a decline in mitochondria mass and
AW, in the later stages of apoptosis with G2 arrest. The G2/M phase arrest was associated
with an increase in AYy, whereas, treatment with a tenfold higher drug concentration trigger
massive apoptosis and a collapse of AW, (Facompre et al., 2000). At the late stage of
etoposide-induced apoptosis in HL-60 cells, mitochondria increased in numbers as an integral
part of a cascade of apoptotic events. There was also a drastic increase in mitochondrial DNA
content with decreased A¥, and ATP content. The increase in mitochondrial DNA levels
correlated with elevated expression of one of the regulators of mitochondrial DNA
replication, mtSSB (Eliseev et al., 2003). Treatment of U937 cells with the flavonoid
quercetin elicited three cell populations with different A%, (1) healthy cells, with normal
AW, DNA content and physical parameters, high mitochondrial mass without apoptosis; (2)
cells with intermediate AW, and normal DNA content, but with physical parameters typical
of apoptotic cells and low mitochondrial mass; (3) cells with collapsed AWy, that had low
mitochondrial mass and were apoptotic. They represent different stages of preapoptosis and
apoptosis, respectively (Lugli et al., 2005).

An exception of the proposed transformation - normalizing-redifferentiation - apoptosis
sequence could be expected during induction of apoptosis in the hemoblastoses characterized
by a specific stage of frozen differentiation rather than dedifferentiation as seen in solid
tumor cells (Abelev, 2000). Therefore, their apoptosis may be induced without further de
novo differentiation utilizing the basic degree of differentiation they already have. However,
even in such model there is redifferentiation at mitochondrial and tissue-specific metabolic
and morphological levels. Accordingly, continuous exposure to the antimetabolite 1-beta-D-
arabino-furanosylcytosine inhibited proliferation and induced expression of the
myelomonocytic differentiation marker CD11b in approximately 35% of human
myelomonocytic leukemia U937 cells (Wang et al, 2000). Arsenic trioxide exerted dose-
dependent dual effects on acute promyelocytic leukemia cells. Rapid apoptosis was evident
when cells are treated with 0.5 - 2.0 uM of arsenic trioxide while partial differentiation is
observed using low concentrations (0.1 - 0.5 uM) of the drug (Zhang et al., 2001). The
histone deacetylase inhibitor, sodium butyrate, induced cell cycle arrest and differentiation
following by apoptosis in U937 human monocytic leukemia cells (Rosato et al., 2001). In
dexamethasone-induced apoptosis of the human acute lymphoblastic leukemia cell line
CCRF-CEM, at least 24 hr prior to and up to the point of apoptosis detection (36 hr),
concomitant with redifferentiation and prior to the loss of AY, lactate production
proportional to viable cell number was reduced compared to untreated controls. However,
subsequent to loss of AW, a massive increase in lactate production was observed. Similar
pattern was observed in other cell lines (HL60, THP1 and OPM2) with various cytotoxic
agents [doxorubicin, gemcitabine and vumon (VM26)] (Tiefenthaler et al., 2001). K562
erythroleukemia cells undergo apoptosis when induced to differentiate along the erythroid
lineage with hemin (Diaz et al., 1999). Reflecting mitochondrial redifferentiation, lactate
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accumulation in the medium and glucose utilization decreased during the induction of in vitro
differentiation of mouse erythroleukemia and human myeloid leukemia HL-60 cells (Wu et
al., 1991).

In conclusion, the effect of the retinoid on pancreatic adenocarcinoma cells as a model
for a transformation — normalizing-redifferentiation — apoptosis sequence suggest the
important role of mitochondria and confirms the results from several redifferentiation-
apoptosis models that utilized different types of cells and apoptotic inducers. The necessity of
such sequence mandates further molecular investigations.
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ABSTRACT

Background:  Angiotensin  converting enzyme inhibitors (ACEI) have
pharmacological effects in all body tissues containing rennin — angiotensin system (RAS)
and the related kallikrein — kinin system (KKS). In the male reproductive tract which also
contains these paracrine systems, results of effects have been conflicting. Encouraged by
a few successes in humans and confirmation of improved sperm count and motility in
rats; we set out to study at tissue level, the effects of ACEI on spermatogenesis. These
experiments have potential for human application.

Methods: Four groups of adult male Wistar rats received, 0.2 ml per oral of the
following doses weekly: A — 5mg/ml, B — 2.5 mg/ml, C — 0.25 mg/ml, D — 0.05 mg/ml.
A fifth group, serving as controls, did not receive any drug. After 2 weeks when one
spermatogenetic cycle was complete, animals were sacrificed in each group weekly and
testes excised for histology.

Results: The control group showed normal evidence of spermatogenesis. The group
receiving 0.05 mg/ml showed a strange arrangement of seminiferous tubules; but
evidence of normal spermatogenesis in the normal tubules. By 0.25 mg/ml, seminiferous
tubules were of low population with incomplete spermatogenesis in many foci. At the 2.5
mg/ml dose, all stages of spermatogenesis were evident in good amounts; with
abundance of glycogen deposits. The group receiving the highest dose of 5 mg/ml
showed plenty sperm heads in the seminiferous tubules. Spermatogenetic response was

* Correspondence concerning this article should be addressed to: Basil N. Okeahialam E mail:
basokeam@yahoo.com; Phone: 234 0803 7211 698.
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robust. Effect at the end of the study was largely similar to the week two specimen except
for the control group.

Discussion: The existence of tissue RAS and KKS in the male reproductive tract
implies potential effect of ACEI drugs. Preliminary, albeit anecdotal reports in humans of
improved semen quality, supported by a dose dependent improvement of
spermatogenesis in rats has been borne out by this tissue based work. There appears to be
a dose dependent entry of the ACEI drugs into these tissue paracrine systems resulting in
stimulation of spermatogenetic process; by creating a favourable ambient for
multiplication and viability of spermatozoa. These include improvement in Leydig and
Sertoli cell function made possible by local accumulation of bradykinin and nitric oxide;
as well as reduction in levels of Angiotensin Il brought about by inhibition of the ACE
system. The potential of these results for human application in treatment of male
infertility should be explored in greater detail.

Keywords: Angiotensin converting enzyme inhibitor, spermatogenesis, stimulation, cellular
level, rats.

INTRODUCTION

The rennin-angiotensin system [1] and its related kallikrein-kinin system [2] exist in the
male reproductive tract. These paracrine systems play a role in sertoli cell function and sertoli
cell — germ cell cross talk [3]. Components of the rennin — angiotensin system have been
found on the testes and other parts of the male reproductive system [4]; and evidence is
accumulating of their involvement in spermatogenesis, sperm maturation and fertilization [5].
This effect is likely to be independent of its production in the systemic circulation [6]. The
beneficial effects of angiotensin converting enzyme inhibitors are said to derive from several
mechanisms, the relative importance varying depending on the specific condition being
addressed [7].

Following an anecdotal report of improvement in semen quality while treating
hypertensive men with lisinopril [8], we decided to investigate the subject further. This was
with a view to documenting consistent improvement in semen quality with angiotensin
converting enzyme inhibitors; so as to extend such benefits to distraught couples where poor
quality semen is responsible for infertility. Having earlier recorded a dose dependent
response in sperm count in rats to angiotensin converting enzyme inhibitors [9], we decided
to study this response at cellular level. This was an attempt to see if the aforementioned
response could be supported by tissue changes. The ease of obtaining testicular tissue in
lower animals makes this model more attractive, in contrast with human studies which are
associated with ethical problems. Confirmation of such response may then provide a
justification for recommending angiotensin converting enzyme inhibitors as treatment of poor
semen quality in men seeking to raise families. The rennin — angiotensin system has proved
to be more complex biochemically than anticipated; with diverse physiological and
pathophysiological mechanisms of potential therapeutic benefit [10]. This may be the
fulfillment of earlier speculations of a bright future for drugs in the angiotensin converting
enzyme inhibitor group [7].
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The part of the testis involved with spermatogenesis is the seminiferous tubule.
Seminiferous tubules occur in clusters called lobules, into which fibrous septae divide the
testis. The seminiferous tubules are enmeshed in a web of loose connective tissue which is
richly endowed with blood vessels, lymphatic channels, nerves and interstitial cells of leydig.
This last group of cells (interstitial cells of leydig) appear on sexual maturity, and are
responsible for steroidogenesis. The seminiferous tubules themselves consist of a layer of
fibrous connective tissue, a well defined basal lamina and a complex germinal epithelium
[11]. The epithelium consists of two types of cells, namely the sertoli or supporting cells and
spermatogonia. The latter constitutes the lineage for spermatogenesis. Spermatogenesis in
mammals is a highly ordered process. It starts with primitive germ cells or spermatogonia
which lie next to the basal lamina. At sexual maturity, they undergo a series of mitotic cycles.
The newly formed cells follow either a path of undifferentiation (resting cells), and form the
germ cell reservoir. These are type A spermatogonia. Alternatively, they may differentiate
further to the cell line commited to spermatogenesis called type B spermatogonia. Type B
spermatogonia undergo further differentiation to form primary spermatocytes. With meiosis
setting in, these change to secondary spermatocytes. This is the spermatocytogenic stage. On
further meiotic divisions, spermatocytes form spermatids with reduction by half in the
number of chromosomes and deoxyribonucleic acid (DNA) per cell. In the final stage of
spermiogenesis, spermatids undergo elaborate process of cyto-differentiation, ending up as
spermatozoa. This process involves acrosome condensation and nuclear elongation,
development of flagellum and loss of cytoplasm. After this comes spermiation. This stage
involves the process of release of mature spermatozoa into the lumen of the seminiferous
tubules.

This whole process takes place in close proximity to specialized cells called sertoli cells.
These are elongated pyramidal cells which envelope differentiating germ cells incompletely
along the line of spermatozoal production. At the spermatogonial level where there is
unhindered access to substances circulating in blood, adjacent sertoli cells are bound by
occluding junctions. Higher up, subsequent germ cells undergoing differentiation are
protected from blood borne substances by a blood-testis barrier formed by occluding
junctions between the sertoli cells. The sertoli cells therefore function in supporting,
protecting and regulating the nutritional needs of developing spermatozoa. Since the
differentiating cells are isolated from systemic circulation by the blood-testis barrier (formed
by sertoli cells), their survival largely depends on sertoli cell intergrity.

Depending on the species of mammal, a cross section of the tubule may show only a
single stage or up to six identifiable stages [12].

The lutenising hormone and follicle stimulating hormone initiate and control the process
of spermatogenesis. These hormones, called pituitary gonadotropins, are produced in
response to hypothalamic gonadotropin releasing hormone. This occurs in waves. Lutenising
and follicle stimulating hormones act synergistically in this function. Follicle stimulating
hormone plays critical roles in the progression of type A to type B spermatogonia, the germ
cell line committed to further differentiation in the process of spermatogenesis. In synergy
with testosterone, germ cell viability is regulated. Some workers actually think that
spermatogonia are primarily regulated by follicle stimulating hormone [13]. It also controls
proliferation of sertoli cells [14], permits adhesion of round spermatids to sertoli cells [15]
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and supports germ cell maturation in mid stages of spermatogenesis [16]. Follicle stimulating
hormone secretion is regulated by negative feed back from some testicular hormones [17]. In
conjunction with testosterone, follicle stimulating hormone controls spermiation [18].
Lutenising hormone on the other hand, stimulates the interstitial cells of leydig to produce an
androgen called testosterone. The bulk of testosterone is produced at this site [19]. It can also
be produced by sertoli cells under the influence of follicle stimulating hormone. Testosterone
is required to initiate spermatogenesis and completion of meiosis [20]. After being produced
by the leydig cells, testosterone is secreted into the plasma and transported to sertoli cells by
androgen binding protein. There, it is reduced to dihydro-testosterone by 5 alpha reductase.
The activity of this enzyme is stimulated by follicle stimulating hormone. Both are then
delivered to target tissues or sites of spermatogenesis in the seminiferous tubules by a specific
globulin, where protein synthesis and sperm development occur. This requires adequate
levels of intra — testicular testosterone to manifest, otherwise there is a reduction in the level
of production of spermatozoa [21]. Apart from lutenising and follicle stimulating hormones,
many peptides and growth factors are secreted locally in the seminiferous tubules, which
impact on steroidogenesis [22]. Testosterone in the presence of follicle stimulating hormone
ensures that spermatogonia development goes on uninhibited; as suppression of intra —
testicular testosterone has been shown to suppress different stages of spermatogonia at
different rates. Germ cell number also progressively declines and spermatids fail to detach
from sertoli cells in an ambient of low intra — testicular testosterone. This retention causes the
sertoli cells to phagocytose them with failure of spermiation being the result [23]. Apoptosis
of germ cells at various stages of differentiation also occurs. For these benefits of testosterone
to occur, the rise has to be intra — testicular. This is the autocrine and paracrine effect.
Exogenous administration of testosterone is known to suppress gonadotropins when
supraphysiological serum levels are attained. Testosterone also regulates the adhesion
between sertoli cells and spermatids. This is through the effects of cell adhesion molecules or
intra — cellular junctional apparatus located on sertoli cells [24].

MATERIALS AND METHODS

Twenty five adult male Wistar strain albino rats inbred at the University of Jos Animal
House were randomly distributed into five groups of five animals each. Five different doses
of lisinopril were administered to different groups as follows: Group A — 5mg/ml, Group B -
2.5mg/ml, Group C - 0.25mg/ml, Group D — 0.05mg/ml, Group E (control) — No drug. Every
week, 0.2 ml of each dose was administered to the respective groups per oral. This was
achieved by holding the upper incisor teeth of each animal with a strong thread tied to a
water tap. The lower incisors were held down with another loop of thread tied to the thumb.
With the mouth agape, 0.2 ml of each dose was delivered by means of a 1 ml syringe around
the oesophagus. Additional 2 drops of water were given to wash in the drug. The
administration was continued for six weeks during which rat chow was fed to the animal
groups. The animals had access to tap water ad-libitum. They were also allowed equal
periods of daylight and darkness. From the second week, one animal from each group was
euthanised weekly by bleeding through direct cardiac puncture. The testes were removed,
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fixed in 10% formol saline and processed for histological study after the methods of Baker et
al [25]. Micro-sections 5 micro-metres thick were stained with Haematoxylin and Eosin,
dehydrated, cleared in Xylene and mounted on Canada balsam for microscopic study using
the standard light microscope. The dose effect in relation to various times the drug was
allowed to act was recorded. We report here the tissue response after two weeks of drug
administration, and at the end of the study by six weeks.

RESULTS
Group A

There were abundant mitochondria and smooth endoplasmic reticulum. The heads
(nuclei) of spermatozoa in seminiferous tubules were plentiful. Interstitial cells of Leydig
were abundant. Sertoli cells (sustentacular cells) were many with glycogen deposits.
Spermatogonia in mitosis were profuse. Lamina propria and basement membrane were well
defined and robust. There was spermatogenesis at all stages. Arterioles and venules were in
good supply (Figure 1). By six weeks, interstitial cells of leydig were still abundant. Sertoli
cells were in good number. Density of spermatozoa was good in most tubules. Spermatogonia
in mitosis were very evident. There was full spermatogenesis in most tubules. Lamina propria
and basement membrane were well defined and robust.

Figure 1. Seminiferous tubules showing plentiful spermatozoa filling the lumen. Leydig and Sertoli
cells abound; with many dark brown glycogen deposits.

Group B

There was presence of all stages of spermatogenesis with glycogen deposits as a source
of energy. There were good numbers of interstitial cells of Leydig and sertoli cells. The
basement membrane was prominent. (Figure 2). By six weeks, there were numerous small
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sized tubules. Spermatogenesis was complete in most tubules. Spermatogonia in mitosis were
evident. Sertoli cells were in good numbers. Interstitial cells of leydig were in clusters but
prominent and abundant. Basal membrane and lamina propria were well defined.

Figure 2. Seminiferous tubules showing all stages of spermatogenesis. Leydig and Sertoli cells are in
good numbers. Dark brown glycogen deposits are evident.

Group C

Seminiferous tubules were relatively of low proportion. There was incomplete
spermatogenesis in many foci. Fibroblasts were in abundance showing specks of metastatic
calcification. Interstitial cells of Leydig were of good population. Sertoli cells were also
plentiful (Figure 3). By six weeks, the calcification in the tubules masked the histological
features. However complete spermatogenesis were seen in very few of the seminiferous
tubules. Interstitial cells of Leydig and sertoli cells were few.

Figure 3. Seminiferous tubules are of low population. Spermatogenesis is incomplete in many foci.
Leydig and Sertoli cells are evident. Fibrolasts showing specks of calcification are seen.
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Group D

There was a strange grouping of seminiferous tubules. Elongated tubules were arranged
inferiorly to the superiorly located ovoid and circular tubules; which showed dominance of
sertoli cells and interstitial cells of Leydig when compared to the elongated tubules.
Spermatogenesis was however complete in all tubules (Figure 4). By six weeks seminiferous
tubules were robust with complete spermatogenesis in most of them. Many sertoli cells were
evident.

Figure 4. There are mixed shapes of seminiferous tubules. Whereas the normal ovoid/circular tubules
show evidence of spermatogenesis, the rate was less in the elongated tubules.

e

Figure 5. Normal seminiferous tubules with normal spermatogenesis; and evidence of dark brown
deposits of glycogen.
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Group E (Control)

There were mixed tubules of various sizes and shapes. Other features were normal but
not as intense as the above doses. There were many glycogen deposits, proliferative
spermatogonia and spermatocytes in many extra tubular foci. There was presence of
interstitial cells of Leydig, sertoli cells arterioles and venules in good amounts (Figure 5). By
six weeks, some tubules were either empty or show few clusters of mature spermatozoa.
Other normal features were well represented.

Overall, the effects evident by two weeks remained at the end of the study, except in the
control group where there appeared to be slowing down of spermatogenetic activities.

DiIsSCcuUSSION

We used the testicular tissue of adult Wistar rats after two weeks of administration
because in this specie of mammals, 14 days was sufficient for one cycle of spermatogenesis
[26]. Group E, the control group received no drug, and showed spermatogenesis without
intervention. By six weeks, spermatogenesis seemed to be slowing down. This was not easily
explainable, but may have to do with span of reproductive activity in this class of mammals.
When administered drug from the 0.05 mg/ml Lisinopril group (D), there was elongation of
most of the seminiferous tubules. Sertoli cells and interstitial cells of Leydig were present in
the normal ovoid tubules with complete spermatogenesis. With increase to 0.25mg/ml (C),
seminiferous tubules were relatively of low population with incomplete spermatogenesis in
many foci. We noted specks of metastatic calcification which could occur in non pathologic
cases [27]. Why it occurred only in the group receiving this dose is not clear to us. The
increase to 2.5 mg/ml group (B), gave rise to robust presence of sertoli cells and interstitial
cells of Leydig. Glycogen deposits that had started appearing became more prominent. By the
highest dose of 5mg/ml, there was abundance of all organnels related to spermatogenesis.
These changes persisted up till the end of the study, by six weeks. This bears out the dose
related response of spermatogenesis reported earlier in lower animals [9]. In the human
aspect of the study [8], Okeahialam and Ekwempu had also recorded variable response to the
drug in sperm count and motility. In that study most of the subjects received a low dose
because they were not hypertensive. The 2 in whose wives conception occurred received
higher doses because they were hypertensive. Beyond a certain dose further improvements
were not noted.

In the present study, increasing doses caused improvement in growth and function of the
epididymis. This is the effect of improved Leydig and sertoli cell function.

Angiotensin converting enzyme inhibitors are drugs that act on substrates of the rennin
angiotensin system. They are specific for the enzyme converting the inactive decapeptide
angiotensin | to the potent pressor, angiotensin Il [7]. Many tissues express messenger
ribonucleic acids for rennin angiotensin and angiotensin converting enzyme [28]. This exists
independent of the renal — hepatic based system, and have been detected in the male
reproductive tract [29]; where they subserve autocrine and paracrine functions [1].
Angiotensin converting enzyme inhibitors in these locations as in others, block the
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conversion of angiotensin | to angiotensin 11. At the same time they inhibit the break down of
bradykinin leading to its accumulation [28]. This represents events in the kallikrein — kinin
system which has been shown to exist locally in the male reproductive system; where it
functions in the local regulation of spermatogenesis [30]. Accumulation of bradykinin is
thought to be a local tissue and not a systemic effect [31]. The improved spermatogenesis
could be variously explained. Angiotensin converting enzyme inhibitors block the formation
of angiotensin Il. In the presence of angiotensin Il, Leydig cell function is suppressed.
Lutenising hormone function becomes adversely affected, and testosterone production and
function are suppressed [1].Testosterone promotes growth and function of the epididymis,
one of which is spermatogenesis [19]. Therefore if angiotensin converting enzyme inhibitors
are given and angiotensin Il production is suppressed, leydig cell function would be
enhanced. In addition, apart from blocking the conversion of angiotensin | to angiotensin II,
angiotensin converting enzyme inhibitors also block the conversion of kinins (bradykinin) to
inactive peptides; albeit partially [32]. The bradykinin accumulates alongside nitric oxide
[33]; which has been reported to stimulate spermatogenesis [34]. As tissue hormones related
to the rennin angiotensin system, bradykinins are known to stimulate spermatogenesis and
sperm metabolism by activating sertoli cell function [5]. Sertoli cells are glycogen containing
cells in the seminiferous tubules from which spermatozoa obtain nourishment. They play a
key role in protecting and controlling the immediate environment around the germ cells [30].
Other sertoli cell functions under the influence of bradykinin include enhanced glucose
uptake at cellular level; increased testicular blood flow, acceleration of glucose/fructose
across sperm cell membranes and improvement of total sperm output [5]. The increased
appearance of glycogen deposits from 0.25mg/ml dose depicts increase in sertoli cells; which
are glycogen containing cells from which spermatozoa obtain nourishment. Other paracrine
and autocrine functions of kinins include improvement of secretory activity of the sex glands.
There is also a small influence on hormonal balance of the pituitary — gonadal axis, leading to
increased intra — testicular testosterone levels. Up regulation of receptors for follicle
stimulating hormone also occurs. These are said to favour epididymal maturation of
spermatozoa; and being biologically active tissue hormones involved in cell proliferation of
many tissues, are thought to be contributory to the observed positive spermatogenetic effects
[5].

Going by this cellular evidence, there is no doubt that angiotensin converting enzyme
inhibitors exemplified in these studies by Lisinopril can improve quality of semen. The
appropriate dose would appear to be 5mg going by the effect both in humans and rats. Since
the drug is an anti-hypertensive, it may suffice to give 2.5mg which has been shown to be
well tolerated without untoward side effects in normotensive males [7]. Over time, the
stimulation may build up to levels adequate for conception in their spouses; baring the
control created by the blood testis barrier in the particular individual. The exception where 5
mg may be considered would be in individuals with low rennin status, in who as
monotherapy, blood pressure lowering effect of angiotensin converting enzyme inhibitors is
poor [7]. Further studies in the area of histochemistry should more clearly elucidate the
mechanism of improvement in semen quality and the rate limiting effect of the blood testis
barrier; which determines effective doses in individuals. Such studies are called for as full
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understanding of how production of specific angiotensin peptides in the various cell types
expressing RAS components remain poor [6].
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